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ABSTRACT 
Inductively coupled plasma mass spectrometry (ICPMS) is an analytical technique that 
can be used to determine multiple elements and isotope ratios in a wide variety of samples.  In 
this work, four projects are described that involve the method development using laser ablation 
(LA) and solution-based ICPMS and their application in environmental science and forensic 
(provenance) investigations.        
In the first project, plutonium (Pu) concentrations and 
240
Pu/
239
Pu atom ratios were 
measured in kelp, lichen, aquatic moss, and horse mussel collected on or near Amchitka Island, a 
former nuclear test in Alaska, and at a background site.  The Pu in terrestrial and freshwater 
species had 
240
Pu/
239
Pu ratio signatures typical of northern hemisphere atmospheric fallout, 
whereas Pu ratios in marine species were elevated, which is characteristic of the northern Pacific 
Ocean. Potential sources of Pu to the marine species were identified, with high-yield tests 
conducted in the Marshall Islands being the most likely of these sources.  
The second project used LA-ICPMS for sourcing iron-rich pigments used in ancient 
pictographs in the Pecos River Archeological Region. Potential pigment materials (siltstone, 
ochre, quartzite, and rhyolite) were analyzed for elemental signatures and were compared to rock 
paint using multivariate statistics.  Siltstone was identified as the most probable raw material 
used in the production of the paint.  A pigment cake from near cave site 41VV74 was determined 
to have similar elemental patterns to siltstone.  
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The third project studied the effect of glyphosate herbicide on the mineral levels in 
glyphosate-resistent (GR) soybeans. Results from both greenhouse and field studies showed no 
statistical difference in mineral concentrations between glyphosate-treated soybean and the 
control.  This work supports the claim that application of glyphosate should have no significant 
impact on mineral concentrations in GR soybeans. 
In the fourth project, a new analytical method using LA-ICPMS was developed for the 
rapid determination of select dietary minerals and trace elements in commercial herbal 
supplement capsules. The analytical results were comparable to that using conventional solution-
nebulization ICPMS.  Chemometrics was successfully applied to discriminate the different 
manufacturers of the same herbal supplements according to the chemical signatures. 
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INTRODUCTION AND ORGANIZATION OF THE DISSERTATION 
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Inductively coupled plasma mass spectrometry (ICPMS) is an analytical technique that 
can be used to determine multiple elements and isotope ratios in a wide variety of samples.  It is 
commonly used in environmental science and increasingly for provenance-related studies using 
elemental fingerprinting and multivariate statistics.  In the present work, four projects utilizing 
ICPMS either in conventional solution-based mode or with laser ablation sample introduction are 
described.  It should be noted whereas the work described in chapter five is based on developing 
a novel method, each project involved method development to some extent.   The motivation and 
objectives of each project are different and are best described in separate chapters.  Indeed, this 
dissertation can be considered a collection of papers given that three of the four were published 
in peer-reviewed journals, and the fourth was accepted and is currently in-press.   
The first chapter describes the theory and fundamentals of the instruments and analytical 
techniques used throughout this work. The remaining four chapters have their own abstract, 
introduction, objectives, experimental, results and discussion, and conclusions.   
In chapter two, plutonium concentrations and atom ratios were determined in biota 
collected from Amchitka Island. Amchitka Island is a former US underground nuclear test site 
and now is under the management of US Department of Energy. There are compelling reasons to 
monitor radionuclides, including Pu, on- and around- Amchitka.  These include: 1) Amchitka is 
part of the Alaska Maritime National Wildlife Refuge and is frequented numerous species of 
migrating birds, 2) the ocean waters around Amchitka are highly productive fishing grounds, 3) 
Aluet natives in the area rely on subsistence hunting and fishing, 4) the region is impacted by a 
relatively high frequency of earthquakes and volcanism which can potentially disrupt the shot 
cavity and promote leaching, 5) it is well-known that radionuclides can attach to colloids 
increasing their migration and transport in subsurface environs, and 6) the last assessment of Pu 
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at Amchitka was nearly a decade ago. The method of plutonium analysis in this study involved 
microwave digestion; concentrating plutonium by co-precipitation and column extraction; and 
final measurement by a high resolution sector field ICPMS.  
Chapter three is a provenance study of the potential source of the red pigment that was 
used in the ancient Pecos River Style (PRS) rock paints. The study area, Lower Pecos 
Archaeological Region was located in the southwestern of Texas, was occupied by hunter-
gatherer populations almost continuously throughout the Holocene. By determining the 
physicochemical characters of PRS rock paints, possible source(s) of pigment that were used in 
paint production can be revealed.  Moreover, knowledge of pigment sources and associated 
processing techniques will increaser our understanding of the level of sophistication of 
techniques used by prehistoric people, giving further insight into their culture. Potential pigment 
materials (e.g. raw siltstone, ochre, rhyolite), each with different chemical compositions, together 
with PRS rock paint samples, were collected. Laser ablation-ICPMS was employed in the 
elemental analysis, which allowed the direct analysis of the paint with minimum interference 
from the rock coating. Multivariate analysis was used to interpret the chemical signature of 
samples and recognize the most similar source to the rock paints. 
Chapter four involves the study of effects of glyphosate herbicide on the mineral content 
in glyphosate-resisitant (GR) soybean plant. Glyphosate is the most widely used herbicide in the 
world, mostly due to its extensive use with GR crops. However, there are conflicting claims as to 
whether treatment with glyphosate adversely affects mineral nutrition of GR crops.  In this study, 
both greenhouse and field experiments were conducted to determine the effects glyphosate on 
the mineral content of young and mature leaves, as well as in seeds produced by GR soybeans.  
Samples were collected periodically during the course of the experiment and analyzed for major 
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and trace metal concentrations. A high resolution sector field ICPMS, which is capable of 
unambiguously separating many isobaric-interferences, was employed for the first time research 
of this type.    
Chapter five discusses a new analytical method for a fast and direct determination of 
trace metal levels in herbal supplements. Herbal supplements are often chosen by the public as 
alternatives of synthetic drugs because of lower costs and perceived safety and effectiveness.   
However, dietary supplements can be a significant potential source of metal contamination, 
especially botanicals which can incorporate metals from contaminated soils.  Yet, most 
supplement manufacturers don’t independently test their raw materials or finished products for 
metals, or if they do they often use outdated analytical techniques.  In this study, concentrations 
of twelve elements (Mg, Al, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd) were determined in six 
herbal supplements, Korean Panax Ginseng (Panax ginseng), Golden Seal (Hydrastis canadensis), 
Ginger Root (Zingiber officinale), St. John’s Wort (Hypericum perforatum), Green Tea 
(Camellia sinensis) and Valerian Root (Valeriana officinalis), by both LA-ICPMS and 
conventional closed-vessel digestion solution nebulization-ICPMS (SN-ICPMS).  Results show 
that LA-ICPMS is an effective method for the direct determination of metals in powdered herbal 
supplements that have been pressed into pellets.  The method has minimal sample preparation 
and avoids the use of acids.  Overall, this study shows that LA-ICPMS can serve as an 
alternative way for determining the concentration of elements in herbal supplements in a rapid 
and pragmatic fashion. 
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CHAPTER ONE 
1. INSTRUMENT FUNDAMENTALS AND THEORY 
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1.1 Inductively coupled plasma mass spectrometry (ICPMS) 
1.1.1 Inductively coupled plasma as an ionization source 
The plasma has become a powerful excitation/ionization source since its first introduction 
in the mid-1960s.[1] It is a conductive gaseous mixture of high concentration of ions and 
electrons. Typical plasma has an extreme bright non-transparent core and a frame like tail on top 
of it. Figure 1 shows a torch configuration and the ICP temperature profile. The torch consists of 
three concentric quartz tubes, where the cooling gas, auxiliary gas and sample gas flows through, 
respectively. On the upper part of the torch, a magnetic field is generated by a surrounded radio 
frequency induction coil, which is usually water cooled and applied with a radio frequency 
power of 24 MHz or 40 MHz. Ionization is initialized by a spark from Tesla coil, the resulting 
argon ions then flow in a close annular path in the magnetic field, along which more collision 
with neutral argon atoms and further ionization occurs. The resistance of increasing argon ions 
and electrons causes an ohmic heating and raises the temperature of plasma to about 6,000-
10,000K. 
 
Figure 1. Torch configuration and the ICP temperature profile.[2] 
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1.1.2 Mass analyzer 
Mass analyzers are devices that separate the ions according to their mass to charge ratios. 
In ICPMS, different types of mass analyzers coupled to ICP achieve a range of levels of 
resolutions and detection capabilities. 
1.1.2.1 Quadrupole mass analyzer 
The quadrupole mass analyzer achieves ion separation by using two pairs of metal rods 
that are connected to direct current with alternative current superimposed on it (Figure 2). After 
ions enter the quadrupole, only those with selected mass to charge ratios have stable trajectory 
and pass the rods to reach the detector. The rest of the ions are neutralized when then collide into 
the rods or are loosed through vacuum. A typical quadrupole mass analyzer provides low 
resolution (~400) and good accuracy. Its prevalence in analytical research is mainly due to its 
robustness as well as cost-efficiency. Recently, the selectivity of quadruple analyzer was largely 
improved with the introduction of quadrupole-quadrupole or triple-quadrupole configuration, 
which allows the filtering of fragment ions with a much smaller mass-to-charge ratio range. 
One of the drawbacks of quadrupole analyzer is that only a single mass-to-charge ratio is 
measured at a given time. Therefore the system needs to switch from one to another if multiple 
mass to charge ratios are monitored. Though the switching process can be done within 1 ms, the 
actual time involved will be much longer compared to mass analyzer with simultaneous 
detection capacity.  
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Figure 2. Schematic of a quadrupole mass analyzer (X-Series 2).  Used with permission from 
ThermoFisher Inc. 
 
1.1.2.2 Time of flight mass analyzer 
A single linear time of flight mass analyzer can be the simplest mass analyzer (Figure 3). 
Ions are firstly accelerated to get the same kinetic energy by electric potential, and then enter a 
field-free drift tube in which they are separated by velocity which is inversely proportional to 
mass. In its early years, TOF suffered from poor resolution caused by variations in initial ion 
kinetic energies and ion spatial positions before acceleration. However, TOF experienced a 
renaissance ever since the coupling with MALDI (matrix assisted laser desorption/ ionization), 
which provides pulsed ions that perfectly match the analytical character of TOF. Moreover, the 
introduction of reflectron and delayed extraction, all of which limit the kinetic energy diversion 
of ions, further improved the resolution of TOF.   
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The high mass range (>300,000 amu) makes TOF a useful tool while doing a “full 
scanning”, particularly when analytes have a large mass range. And it is especially efficient for a 
short acquisition time which usually down to ms, while it will take about a second for a 
quadrupole to finish the same mass range scan.   
 
 
Figure 3. Schematic of an orthogonal time-of-flight mass analyzer. (Optimass 9500, GBC Sci.) 
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1.1.2.3 Sector field mass analyzer (SFMS) 
Figure 4 shows a schematic of sector field mass analyzer. Ions are separated by two 
major components, the electrostatic analyzer and the magnetic sector analyzer. The former 
functions as a kinetic energy filter, which consists of a curved electric field that only allows ions 
having selected and narrow distribution of kinetic energy to pass. The later functions as a mass 
discriminator. By providing a curved magnetic field, the ions entering it with the same kinetic 
energy will travel in circular paths with a radius which depends on their different m/z. SFMS 
provides ultra-high accuracy (~ 5ppm) and precision (~ 1%). If equipped with an ICP ion source 
and a multi-collector detection system, the precision of instrument is greatly improved for 
isotope ratio determinations by allowing simultaneous measurements, which minimizes the 
source instability and results in a typical RSD of 0.01-0.05%[1].  Drawbacks of SFMS include 
cost (>$400,000) and size (the footprint is 2-3 times that of quadrupole units).  
 
Figure 4. Schematic of a sector field ICPMS (Element-XR).  Used with permission from 
ThermoFisher Inc. 
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1.1.3 Solution sample introduction 
The sample introduction step has been called the Achilles heel of ICP-MS because it is 
considered the weakest component of the instrument, with only 1–2% of the sample finding its 
way into the plasma. Although there have been improvements in sample introduction methods, 
the basic configuration hasn’t changed much over time. 
During nebulization, which is most frequently carried out using a pneumatic nebulizer, 
sample solution is broken into fine droplets (an aerosol). The concentric nebulizer is the most 
widely used nebulizer. Sample solution which is pumped through the center capillary tube, is 
broken into aerosol at the tip of nebulizer by sampling gas (normally Ar at a flow rate of ~ 1 L 
min
-1
, Figure 5). Other designs serve the same purpose to generate an aerosol, such as ultrasonic 
nebulizer and cross flow nebulizer, are also available in the market.  Droplet selection is often 
done in a spray chamber, which only allows fine droplets (~5-10 μm in diameter) to travel up to 
the outlet, while most of large droplets are drained during the separation. The secondary purpose 
of a spray chamber is to smooth out the pulses which are mainly caused by peristaltic pump. 
Figure 5 shows a schematic of a typical glass concentric nebulizer and a cyclonic spray chamber. 
Solution with high organic content will cause carbon build up on the cones.  To prevent this 
oxygen gas can be introduced into the gas stream to “burn-off” the carbon and minimize deposits. 
Alternatively, a desolvating nebulizer can be used to minimize solvent load to the plasma and 
interface region.    
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Figure 5. Schematic of a typical cyclonic spray chamber (left) and a glass concentric nebulizer 
(right). [3] 
  
1.1.4 Solid sample introduction - Laser ablation 
In laser ablation, a laser beam is used for generating ‘dry’ aerosol directly from a solid 
sample surface. A typical laser ablation system is shown in Figure 6.  Different laser sources are 
incorporated into commercial laser ablation units, among which the Nd:YAG laser, with a 
fundamental wavelength of 1064nm, is most widely used because of its simplicity, robustness 
and low cost. The frequency of the ND:YAG laser can be quadrupled or quintupled to produce a 
more energetic source (266nm or 213nm).[4]  Excimer gas lasers, especially the ArF laser,  
produces an even higher energy output (193nm); however, the laser system are more costly and 
generally considered not as user friendly as the Nd:YAG laser. The diameter of the laser beams 
can be adjusted down to <10 µm by passing through an aperture wheel. Laser source beams are 
directed by reflection using dichroic mirrors and enter the upper side of sample chamber.  More 
on laser ablation is presented in section 1.2.  
Sample solution 
Argon 
To plasma 
Drain 
Sample aerosol 
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1.1.4.1 Sample chamber 
The sample chamber is an airtight cell in which laser ablation of sample takes place.  The laser 
beam passes through the quartz glass on the upper face of the chamber and is focused on the 
sample in the center of the chamber.  The laser path can be altered by movement of sample stage 
along the X, Y, and Z axis, which is computer controlled. Chambers for different analytical 
purposes with various geometries are available on market.  
1.1.4.2 Carrier gas 
The focused laser beam vaporizes and ablates a small portion of materials from the 
surface of sample into aerosol, which is then swept by a carrier gas into the plasma, where 
atomization and ionization of elements take place. Typical carrier gases for laser unit are helium 
and argon gas.  
 
Figure 6. A schematic of a Nd-YAG laser ablation system (Cetac Inc.). 
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For nanosecond (Nd:YAG) laser systems helium gas is preferred to argon because it enhances of 
aerosol transportation. For femtosecond (excimer) laser units, where the aerosol consists of finer 
particles, both helium and argon gas can achieve a high transport efficiency. 
 
A CCD camera is 
used to view the sample and ablation progress.   
1.2 Laser ablation-ICPMS 
Laser ablation was firstly coupled with atomic spectroscopy for solid analysis by Runge 
in 1964.[5]  Later, the development of laser source for ICPMS became one of the major 
breakthroughs with ICPMS instruments.  It has been widely recognized as a versatile analytical 
technique for direct analysis of solid sample since 1985.[6] Because the laser ablation process is 
independent of physical and chemical characters of samples once they are in a stable form, a 
large category of sample with different matrix and properties can be directly analyzed with 
minimal sample preparation. Efficiency is also largely improved with shortened analysis cycle.  
Besides the excellent sensitivity and low detection limit, the adjustable laser beam size allows 
the determination of heterogeneity of elemental concentration across solid samples. Laser 
ablation is one of the few sample introductions that operate at atmosphere pressure and can be 
applied on most types of solid samples.[ 7 ]  In LA-ICPMS, the possibility of introducing 
contamination and element lost is largely reduced by maximally simplified sample preparation.  
Additionally, unlike the solution based sample introduction method, laser will generate a “dry” 
aerosol which is less likely to bring in polyatomic interference species into the plasma, for 
example, 
40
Ar
16
O
+
, which is mainly caused by the introduction of H2O; 
14
N
16
O
+
, caused by H2O 
and HNO3. Moreover, because there is almost no chemical, such as high concentrated acid, 
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involved in the ablation process, the technique is therefore more economical and safer to both 
environment and operator.  
The versatility of the LA-ICPMS is somewhat limited by lacking of commercially 
available certified reference material for calibration. In some cases a large amount of effort and 
time need to be spent developing suitable standard materials for analysis.  Depending on the 
matrix, calibration standards will vary.  One calibration approach is to use pressed certified 
reference materials (CRMs) which can be purchased.  These materials are usually homogenous 
solids with certified concentrations for multiple elements.  By ablating CRMs and using an 
internal standard to compensate for varying amounts of material entering the plasma, the 
intensity of specific elements can be correlated with a known concentration, allowing a 
calibration curve can be constructed.  However, because of the unavailability of most matrix-
matched CRM in market, alternate calibration methods must be developed.  Lab-made matrix-
matched pellets doped with known concentration of standard multi-element solution have been 
demonstrated to be an effective means of calibration in previous studies. 
1.3 Microwave digestion 
The traditional solution nebulization-ICPMS requires samples of various types to be 
introduced as solutions.  This necessitates a careful sample dissolution strategy which considers 
the chemistry of each element. Before the introduction of microwave digestion by Abu-Samra in 
1975, commonly used methods for sample dissolution were wet digestion, dry ashing, and fusion. 
These methods, however, are time consuming and prone to analyte loss and cross-contamination.   
In a microwave digestion, samples are acid-digested in closed PFA/PTFE vessels with 
the assistance of microwave energy, which allows higher pressures and temperatures to be 
attained.  This, in turn, speeds dissolution and improves recoveries, especially for volatile 
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elements such as Hg, As, and Se.[8] There are also systems that employ an open vessel design.   
The advantage of an open vessel microwave digestion system lies in the large sample capacity, 
which allows up to 15 g of sample for an individual vessel. In either case, microwave systems 
typically use less acid compared to traditional open system dissolution.  The most common 
reagents used in microwave digestion are HCl, HNO3, H2O2, and HF; various combinations of 
which are able to dissolve a wide-range of sample matrices.    
1.4 Chemometrics (Multivariate Analysis Applied to Chemical Data) 
Finding patterns in data and the interpretation of differences is a frequent task in the 
course of forensics and provenance studies.  A typical ICPMS analysis usually generates a 
tremendous amount of elemental and isotopic information.  For instance, a single sample may be 
analyzed for more than 20 elements with a wide-range of concentrations and usually multiple 
replicates are made for the same sample. With so much data it is often difficult to observe 
patterns using standard statistical techniques (e.g. Pearson correlations, t-tests).  Multivariate 
statistical techniques, such as principal component analysis (PCA) and discriminant analysis 
(DA), are robust methods to assess the similarities and dissimilarities between samples and 
sample groups.   
PCA is commonly used to evaluate complex dataset for patterns which can be seen 
visually as clustering of groups in a score plot, a projection of the data onto the axes of the first 
two principal components.  The technique uses a linear combination of the variables to reduce a 
data set with multiple variables to a smaller number of composite variables which represent most 
of the information in the original data set. This is accomplished by determining the strongest 
linear correlation structure among variables.[9]   
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DA is routinely used to summarize differences between groups, predict membership of 
sample points in a group, and to determine which elements are most responsible for the 
differences between groups.  DA is an eigenanalysis technique which determines canonical axes 
that best discriminates between groups. It maximizes the among group variation with respect to 
the with-in group differences by determining the optimum linear combination of variables [9].  
Importantly, these methods can provide statistical significance of differences in patterns, 
have a documented history, and are accepted by the scientific community.  There are many 
examples of classification of material groups using multivariate statistics [ 10 ], including 
accelerants [11], currency [12], documents [13], drugs [14], fibers [15], and glass [16].  Whereas 
the ability to understand and interpret standard statistical tests has always been important to an 
analytical scientist, increasingly the same can be said for multivariate statistics.       
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CHAPTER TWO 
2. PLUTONIUM CONCENTRATION AND 
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BIOTA COLLECTED FROM AMCHITKA ISLAND, ALASKA: RECENT 
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2.1 Abstract 
 Three underground nuclear tests, including the Unites States’ largest, were conducted on 
Amchitka Island, Alaska. Monitoring of the radiological environment around the island is 
challenging because of its remote location. In 2008, the Department of Energy (DOE) Office of 
Legacy Management (LM) became responsible for the long term maintenance and surveillance 
of the Amchitka site.  The first DOE LM environmental survey occurred in 2011 and is part of a 
cycle of activities that will occur every 5 years. The University of Alaska Fairbanks, a participant 
in the 2011 study, provided the lichen (Cladonia spp.), freshwater moss (Fontinalis 
neomexicanus), kelp (Eualaria fistulosa) and horse mussel (Modiolus modiolus) samples from 
Amchitka Island and Adak Island (a control site). These samples were analyzed for 
239
Pu and 
240
Pu concentration and 
240
Pu/
239
Pu atom ratio using inductively coupled plasma sector field 
mass spectrometry (ICP-SFMS). Plutonium concentrations and 
240
Pu/
239
Pu atom ratios were 
generally consistent with previous terrestrial and marine studies in the region.  The 
239+240
Pu 
levels (mBq kg
-1
, dry weight) ranged from 3.79-57.1 for lichen, 167-700 for kelp, 27.9-148 for 
horse mussel, and 560-573 for moss.  Lichen from Adak Island had higher Pu concentrations 
than Amchitka Island, the difference was likely the result of the higher precipitation at Adak 
compared to Amchitka. The 
240
Pu/
239
Pu atom ratios were significantly higher in marine samples 
compared to terrestrial and freshwater samples (t-test, p<0.001); lichen and moss averaged 0.184 
± 0.007, similar to the integrated global fallout ratio, whereas kelp and mussel (soft tissue) 
averaged 0.226 ± 0.003. These observations provide supporting evidence that a large input of 
isotopically heavier Pu occurred into the North Pacific Ocean, likely from the Marshall Island 
high yield nuclear tests, but other potential sources, such as the Kamchatka Peninsula Rybachiy 
Naval Base and Amchitka Island underground nuclear test site cannot be ruled out.   
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2.2 Introduction 
2.2.1 Plutonium and 
240
Pu/
239
Pu atom ratios from nuclear weapons testing  
Plutonium (Pu) is a toxic and radioactive element that has been dispersed widely in the 
environment by humans since about 1945, mostly through nuclear weapons testing, though 
nuclear reactor accidents and discharge of waste from nuclear facilities have also contributed to 
local or regional contamination.[1]  Between 1945 and 1980, an estimated 6500 TBq of 
239
Pu 
and 4300 TBq of 
240
Pu have been introduced into environment from nuclear weapon tests.[2] 
Former nuclear weapon test sites, such as the Nevada Test Site and the Pacific Proving Grounds 
(northern Marshall Islands), for the United States, the Novaya Zemlya Test Site and the 
Semipalatinsk Test Site, in the former Soviet Union, are of particular concern because of the 
large amount of Pu and other radionuclides released at these locations.  Amchitka Island, Alaska, 
where three large underground nuclear tests were carried out, is a concern because of potential 
leakage to the marine environment. [3] 
 Among the twenty Pu isotopes, 
238
Pu (t1/2 = 87.74 y), 
239
Pu (t1/2 = 24,110 y), 
240
Pu (t1/2 = 
6,563 y), 
241
Pu (t1/2 = 14.4 y), and 
242
Pu (t1/2 = 373,000 y) are the most frequently studied.  
241
Pu 
is a beta emitter while the other four are alpha-emitters. 
239
Pu and 
240
Pu are important isotopes in 
environmental and biological studies because of their relative abundance and long half-lives. The 
240
Pu/
239Pu atom ratio is source dependent and thus serves as a ‘fingerprint’ that is commonly 
used to differentiate global fallout Pu from other local or regional sources.  
The integrated 
240
Pu/
239
Pu atom ratio for global fallout in the northern hemisphere has 
been reported as 0.180±0.014.[4] 
240
Pu/
239
Pu ratios higher than global fallout have been observed 
in areas where high yield nuclear devices were detonated. For example, in the vicinity of the 
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Marshall Islands, where a number of large thermonuclear tests were conducted, the 
240
Pu/
239
Pu 
ratio is significantly higher, with an average reported as high as 0.36.[5] These higher ratios are 
due in part to higher neutron fluxes during the detonation and the different neutron capture 
capabilities between the isotopes.[6] In contrast, Pu from ‘low-yield’ (< about 10 kt) nuclear 
detonations will tend have a 
240
Pu/
239Pu ratio characteristic of the “weapon-grade” Pu found in 
the original nuclear device, typically 0.03-0.06; these relatively low Pu ratios are maintained to 
prevent premature detonation because 
240
Pu can undergo spontaneous fission. [7]  
2.2.2 Measurement of Pu by ICP-SFMS  
Up until the last decade most studies of environmental Pu used alpha spectrometry.  The 
major drawback of this technique is throughput; the spectrometer has a limited number of 
detectors and each sample is counted individually over a period typically lasting several days.  
Alpha spectrometry, due to the similar energies of 
240
Pu and 
239
Pu, cannot resolve the individual 
isotopes so results are reported as 
239
Pu+
240
Pu.  Alpha spectroscopy detection levels, especially 
with the low levels seen in many environmental samples, result in numerous non-detects or large 
uncertainties in the results. Radiochemistry combined with acceleration mass spectrometry 
(AMS) or thermal ionization mass spectrometry (TIMS) offer the ability to individually identify 
240
Pu and 
239
Pu along with very low detection limits.[8] High costs and limited availability of the 
instrument[9]
 
or time-consuming sample preparation[3] limit their use for general environmental 
studies. 
  
Inductively coupled plasma mass spectrometry (ICPMS) has become an accepted 
alternative to these techniques for the determination of long-lived radionuclides at ultra-trace 
concentration levels.[10]  The sector field design (ICP-SFMS) is often used in these studies 
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because of its high sensitivity and low background.[11] The earliest application of ICP-SFMS in 
radionuclides analysis dates back to the 1990s.[10,12]  
2.2.3 Amchitka nuclear test site and purpose of the current study 
Amchitka Island is a former US nuclear test site located among the Aleutian Islands in 
southwestern Alaska (Figure 7). A detailed report on the Amchitka Test Site including its 
environmental sampling history is available elsewhere.[13]  Three underground nuclear tests 
were conducted on the island between 1965 and 1971; Long Shot (1965) approximately 80 kt, 
Milrow (1969)  approximately 1 Mt, and Cannikin (1971) approximately 5 Mt, the largest 
underground nuclear test in US history.
  
Many of the refractory radionuclides were likely 
vitrified and have limited environmental release due to being trapped in the glass-like matrix 
which was formed after cooling of the molten rock generated by the extreme heat. Other 
radionuclides, such as 
3
H (tritium), would be more readily released to the environment. The 
actual hydrologic source term, while estimated from knowledge of other underground nuclear 
tests, is not actually known for these tests.[14]  Based on a US Department of Energy (DOE) 
groundwater model, the breakthrough of radionuclides from porous rock into the marine 
environment could occur between 10 to more than 1000 years after the tests.[14] Due to the 
difficulty of direct sampling the test cavities which are 700-2300 m below the ground surface, 
interest has been drawn to the biota on Amchitka to assess whether there has been leakage of 
radionuclides to the biosphere.  
 25 
 
 
Figure 7. Map showing locations of Amchitka Island and Adak Island, Alaska in the northern 
Pacific (inset), and the Cannikin, Long Shot and Milrow underground test sites on 
Amchitka.[13,15] 
  
 
Monitoring radionuclide levels on Amchitka Island is important for a number of reasons 
including: 1) adjacent ocean waters are highly productive fishing grounds, 2) the Island serves as 
a migratory pathway for many species and is part of the Alaska Maritime National Wildlife 
Refuge, 3) Aleut Natives living nearby among the Aleutian Islands rely on subsistence hunting 
and fishing, and 4) there is a relatively high frequency of earthquakes and volcanism in the 
region that can potentially disrupt underground shot cavities and promote leaching and migration 
of radionuclides.[15]   
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A small number of releases of radionuclides have been documented at Amchtika.  The 
Long Shot test resulted in the release of 
3
H to the near surface groundwater and freshwater 
environment.[13] Over time 
3
H levels decreased because of radioactive decay and environmental 
dilution.[16,17] During drilling the post shot well for Cannikin, 
3
H and other radioactive gases 
were vented, but no observations were ever reported identifying leakage to the surface waters.[13] 
In the 1990’s, in response to a Greenpeace report, terrestrial and freshwater radiological 
assessments were undertaken by DOE with involvement of the Alaska Department of 
Environmental Conservation (ADEC), Aleutian Pribilof Island and International Association 
(APIA), and others.[13]  Greenpeace had reported that anthropogenic radionuclides from the 
underground nuclear test sites were found in the surface environment.[18]  ADEC and DOE 
studies, which measured a range of radionuclides, including 
3
H, 
137
Cs, 
238
Pu, 
239
Pu, 
240
Pu, and
 
241
Am, in various sample media, including aquatic moss and marine algae, concluded that there 
was no evidence of leakage occurring at the sites.[13, 19 ]  Baskaran et al., studied the 
anthropogenic radionuclides’ levels in sea otter skull tissue, which was sampled from Amchitka 
and Adak Island; no perturbance of Pu level was found.[20]  The marine environment was 
sampled again in 2004 principally to assess human risk based levels for radionuclides in various 
subsistence and commercial seafoods.[15]  More recently, Hamilton et al. analyzed brown algae 
collected from Amchitka for 
240
Pu/
239
Pu atom ratios. The authors found elevated Pu ratios (0.227
±0.007) suggesting the presence of a discernible basin-wide secondary source of Pu (other than 
the global fallout), most likely the Pacific Proving Ground. These results were consistent with 
earlier studies on seawater and sediment within the same region.[8]  More recently, Hong et al. 
studied anthropogenic (
90
Sr and 
137
Cs) and natural (
40
K, 
210
Pb, 
226
Ra) radionuclides in a wide-
variety of matrices near Amchitka Island. [21]  
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In 2011, DOE Legacy Management (LM) conducted an Amchitka environmental survey 
now set to repeat every 5 years.[18]  DOE LM, ADEC, APIA, and US Fish and Wildlife Service 
with support from the University of Alaska Fairbanks (UAF), conducted the 2011 survey.  Adak 
Island was included in the study as the control site. UAF provided the kelp, moss, lichen, horse 
mussel, soil and marine sediment samples for the determination of 
239
Pu and 
240
Pu concentrations 
and 
240
Pu/
239
Pu ratios.  Previous Pu work at the site focused on a limited number of species 
employing alpha spectrometry for concentration, and TIMS and AMS for isotope ratios.   
The purpose of this work was to evaluate the use of ICP-SFMS as a more rapid, 
pragmatic, and less costly analytical approach to measuring Pu in a variety of biota, including 
species never before measured at the site. Another objective was to compare Pu concentrations 
and 
240
Pu/
239
Pu atom ratios between species, locations, and from previous reports in order to 
assess the current levels of Pu in biota at the site and to gauge whether there have been any 
significant changes over the interim years.     
2.3 Experimental 
2.3.1 Sampling  
The 2011 Amchitka Site radioecology survey was done to assess if anthropogenic 
radionuclides from the underground nuclear tests was entering the marine food chain.[3] 
Numerous marine biota samples of importance to subsistence and commercial harvesters, such as 
rockfish and cod were taken. Terrestrial samples of lichen and freshwater moss were also 
collected to provide indication of any changes in atmospheric fallout inputs, which in this case 
did occur because of the Fukushima Daiichi Nuclear Power Plant accident in 2012.  Lichen, 
marine algae, soil and marine sediment samples were split between DOE LM and UAF. 
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Lichen samples were collected within the nuclear test watersheds at Amchitka and at the 
Adak Island control.  Claodiona spp., which has a long history of being used for radioecology 
studies, was collected within a ¼ square meter area by hand. The samples were placed in plastic 
bags and field weights determined with a Pesola scale.  A soil sample approximately 100 cm by 
100 cm and 5 cm deep was collected from the soil underlying the lichen.   
Horse mussels, a sub-tidal species, were collected by UAF divers at Amchitka and Adak 
sites by hand.  The marine kelp samples were collected by removing the holdfast and collecting 
the entire plant. Samples were rinsed in native water and extraneous debris and epiphytes were 
removed by hand.  Samples were also inspected prior to analysis to assure that only kelp was 
being analyzed. 
The samples were held and shipped under chain of custody from sampling sites to UAF, 
where they were stored in freezers until processing.  Lichen, moss, marine algae and soil samples 
were dried at 100°C for 24~48 hours.  The lichen and marine algae samples were then fine 
ground in a food blender.  Sub-sets of these dried samples were sent to University of Mississippi 
(UM).  The horse mussels were shipped frozen and whole to UM.  Information on these samples 
is shown in Table 1. 
2.3.2 Sample preparation for Pu analysis 
Samples were dried at 100 °C over 24 hours and analyzed in triplicate, except for horse 
mussels. For the mussels, soft tissue was removed and freeze dried until constant weight was  
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Table 1. Sample information. 
Species Sample ID Latitude Longitude Note 
Lichen Lichen-AD-1 51.8375     -176.6706 AD - Adak Island sample 
Cladonia spp. Lichen-AD-2 51.8728 -176.7074 
 
 
Lichen-AD-3 51.9008 -176.6885 
 
 
Lichen-AI-LS 51.4473 179.1891 AI - Amchitka Island sample 
 
Lichen-AI-CN 51.4805 179.1094 
   Lichen-AI-ML 51.4025 179.1839  
Kelp Kelp-AD 51.7374 -176.4802 
 Eualaria fistulosa Kelp-AI-LS 51.4493 179.2056 Long Shot test site offshore 
 
Kelp-AI-CN 51.4714 179.1729 Cannikin test site offshore 
  Kelp-AI-ML 51.3969 179.1435 Milrow test site offshore 
Horse mussel Mussel-AD-ANT  51.829  -176.451 Off Adak Island (Blind Bay) 
Modiolus modiolus  Mussel-AD-AST 51.688 -176.625 Off Adak Island 
 
Mussel-AI-LS 51.444 179.211 Long Shot Transect - 2 off AI 
  Mussel-AI-MT 51.410 179.159 Milrow Transect - 1 off AI 
Moss Moss-AI-LS 51.4353 179.1844 Long Shot Test site stream 
Fontinalis 
neomexicanus  
Moss-AI-CN 
51.4727 179.1067 Cannikin Test site stream 
Sediment 
Sedi-AI-LS 
51.4479 179.1906 
Marine sediment from Square 
Bay 
Soil Soil-AD-3 51.9008 -176.6885 Soil underlying Lichen-AD-3 
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attained. Due to expected low Pu levels, tissue from several mussels were combined according to 
sites and run in single measurement, except for sample ANT-3 which was run in duplicate. 
About 5 g of soil, sediment, kelp, and moss, and about 25 g of lichen and horse mussel 
were taken for analysis. Samples were ashed at 475°C for at least 48 hours. Ashed samples were 
spiked with ~7 mBq (50 pg) of 
242
Pu tracer from (NIST SRM 4334) and then digested with 25 
mL of 16 M HNO3 and 4 mL of 30% H2O2 using microwave digestion system (Milestone Inc. 
Shelton, CT, USA).  All acids used were high purity grade (Optima, Fisher Scientific). The 
digestion temperature program consisted of 160°C for 30 minutes, a 10 min ramp to 180°C 
where the temperature was held for 40 minutes. The digests were passed through 0.4 μm Teflon 
filter membranes to remove any remaining solids and then diluted to 150 mL. CaF2 co-
precipitation was employed to separate Pu from matrix components in sample digests. Most 
alkali and transition metals as well as species that tend to interfere with Pu during TEVA 
extraction (phosphate) and ICPMS analysis (uranium) will be remained in solution, because 
CaF2 precipitation takes place in a strong acid environment.[22] 12 mL of HF was slowly added 
to each solution with stirring. Pu was then co-precipitated with CaF2 by slow addition of 5 mL 
1.5 M Ca(NO3)2. The precipitate was centrifuged and re-dissolved in 20 mL 3M HNO3 and 0.6 g 
of boric acid crystal (Sigma-Aldrich, St. Louis, MO).    
TEVA
®
 resin (Eichrom, Lisle, IL, USA) was used for extracting Pu from sample 
solutions. Columns were prepared by transferring 0.2 g of resin into a 5 mL pipette tip plugged 
with glass wool. Because Pu
+4
 is preferentially retained by TEVA resin, prior to extraction Pu 
was converted to +4 state by sequential addition of 1.5 mL of 0.03M ferrous sulfamate, 0.3 g of 
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ascorbic acid and 1.5 mL of 3M sodium nitrite. The solution was then degassed at 80ºC for two 
hours.  After loading the sample solution, uranium was removed by washing the column with 10 
mL 3M HNO3, then thorium was removed by washing with 10 mL of 10 M HCl. Finally, Pu is 
eluted with 3 mL 0.02 M HCl and analyzed directly by ICP-SFMS.  
2.3.3 Measurement of Pu isotopes by ICP-SFMS 
A sector field ICPMS (Element-XR; Thermo-Fisher Scientific, Waltham, MA, USA) 
operating in low resolution mode was used. An Apex desolvation system (ESI, Omaha, NE, USA) 
coupled with a PFA nebulizer was used to boost Pu sensitivity and reduce hydride formation; 
hydrides can lead to interference from 
238
U
1
H
+
 on 
239
Pu. The ICP-SFMS operational settings are 
summarized in Table 2. Before the samples were analyzed, the system was optimized for 
sensitivity, stability, and oxide levels. The following was achieved for 1 ng g
−1
 
115
In in low 
resolution mode: 10 million counts per second; <2% RSD (short-term); and <5% oxides. The 
instrument detection limit, measured using a low-level 
239
Pu standard, was estimated at 0.300 
mBq kg
-1
 (0.130 pg kg
-1
) for 
239
Pu, based on a 5 g sample.   Concentrations of 
239
Pu and 
240
Pu 
were calculated using the isotope dilution method based upon the 
242
Pu spike.  
A correction factor for uranium hydride (~ 0.00003) was determined and applied to all measured 
239
Pu signals as described elsewhere.
 [23] 
The correction factor was small because bulk of the U 
was removed using the column chemistry described above. Mass discrimination effect was 
corrected for using a factor (~ 4‰) determined by comparing the measured 238U/235U ratio in a 
natural uranium solution to the true value (137.88). The overall procedure was validated by 
measuring the 
239+240
Pu concentration in IAEA-447 standard reference material (moss-soil) with 
each batch of samples.  
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Table 2. ICP-SFMS instrumental settings 
Plasma  
Cool gas flow 16 L min
-1
 
Aux. gas flow 0.9 L min
-1
 
Sample gas flow 1.20 L min
-1
 
RF power 1350 W 
Data acquisition  
Resolution Low 
Mass window 20% 
Points per peak 100 
Integration time 
 
100 ms for 
239
Pu, 
240
Pu; 
10 ms for 
238
U, 
242
Pu 
Passes and runs 5 and 5 
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2.4 Results and Discussion 
2.4.1 Method validation 
The method was validated using a certified reference material (IAEA-447, moss-soil). 
Good agreement was found between the measured concentration for 
239+240
Pu of 5.18±0.10 Bq 
kg
-1
 and the certified value of 5.30±0.16 Bq kg
-1
. It should be noted that neither certified nor 
published values were available for 
240
Pu/
239
Pu ratio in this reference material. Here, we report 
the 
240
Pu/
239
Pu to be 0.186±0.011. This ratio suggests that global fallout is the primary source of 
Pu in the reference material.  The reference material stems from the Gerecse Mountains in 
Hungary; our data is consistent with an earlier study of moss from this region that concluded that 
global fallout was the source of Pu in the sample.[24] 
2.4.2 Plutonium concentrations and 
240
Pu/
239
Pu atom ratios 
 To facilitate comparison to earlier studies, we herein report the Pu concentration as 
239+240
Pu (combined); concentration of the individual Pu isotopes based on dry weight and 
240
Pu/
239
Pu ratios are given in Table 3.   
Lichen 
For lichen, Pu concentrations were statistically different between Amchitka and the 
control site (Student’s t-test, p=0.035), averaging 4.50 mBq kg-1 at Amchitka and 33.5 mBq kg-1 
at Adak.  Samples collected near the three nuclear test sites had similar 
239+240
Pu levels: 4.61 
mBq kg
-1
 near the Long Shot site, 5.14 mBq kg
-1
 near the Cannikin site, and 3.79 mBq kg
-1
 near 
the Milrow site.  Within-island variability was relatively small on Amchitka Island (15% relative 
standard deviation, RSD).  Higher Pu concentrations and variability was found on Adak Island.  
There Pu concentrations ranged from 21.6 to 57.1 mBq kg
-1
 (61% RSD). 
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Table 3. Pu concentrations (mBq kg
-1
 ± 1SD, dry weight) and 
240
Pu/
239
Pu atom ratios (± 1SD) in 
biota from Amchitka Island (AI) and Adak Island (AD). 
a
. Triplicate analysis; 
b
. Duplicate analysis (average ± % difference);
 c
. Single measurement  
 
 
 
 
 
Species  Sample ID 
239
Pu 
240
Pu
 239+240
Pu 
240
Pu/
239
Pu ± 1SD 
Lichen
a
 Lichen-AD-1 34.7 ± 2.1 22.4 ± 2.3 57.1 ± 4.2 0.177 ± 0.013 
 
Lichen-AD-2 13.1 ±1.5 8.48 ± 0.70 21.6 ± 3.7 0.176 ± 0.012 
 
Lichen-AD-3 16.3 ±2.0 10.7 ± 1.5 27.0 ± 3.2 0.180 ± 0.013 
 
Lichen-AI-LS 2.70 ±0.14 1.91 ± 0.12 4.61 ± 0.16 0.193 ± 0.013 
 
Lichen-AI-CN 3.00 ± 0.10 2.14 ± 0.09 5.14 ± 0.12 0.194 ± 0.017 
  Lichen-AI-ML 2.26 ± 0.12 1.53 ± 0.11 3.79 ± 0.15 0.185 ± 0.022 
Kelp
a
 Kelp-AD 91.4 ± 16.9 75.6 ± 12.5 167 ± 29 0.226 ± 0.006 
 
Kelp-AI-LS 135 ± 3 111 ± 9 246 ± 12 0.224 ± 0.012 
 
Kelp-AI-CN 113 ± 14 82.4 ± 12.0 195 ± 16 0.229 ± 0.008 
  Kelp-AI-ML 382 ± 5 318 ± 4 700 ± 6 0.225 ± 0.007 
Horse  Mussel-AD-ANT
b
 15.6 ± 7.1%
 b
 12.3 ± 4.4% 27.9 ± 5.9% 0.219 ± 2.73% 
Mussel Mussel-AD-AST
c
 33.0 27.5 60.5 0.228 
 
Mussel-AI-LS
c
 74.4 62.2 137 0.228 
 
Mussel-AI-MT
c
 80.7 67.2 148 0.227 
Moss
a
 Moss-AI-LS 336 ± 18 224 ± 15 560 ± 33 0.182 ± 0.004 
  Moss-AI-CN 342 ± 5  231 ± 4 573 ± 6 0.184 ± 0.005 
Sediment
a
 Sedi-AI-LT  88.1 ± 2.0 68.4 ± 3.0 157 ± 5 0.212 ± 0.021 
Soil
a
 Soil-AD-3  2280 ± 68 1570 ± 41 3850 ± 109 0.188 ± 0.003 
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Plutonium in lichen is believed to be derived solely from atmospheric deposition because 
the species has no root system and therefore there is no cycling of Pu between lichen and the 
underlying soil.[25] Factors that influence the amount of Pu retained by lichen include biomass 
of lichen, which may vary between sample sites,  weathering and washout of adsorbed Pu, and 
local Pu deposition velocity.[26] Average annual total precipitation at Adak is about 157 cm 
compared with 91 cm for Amchitka.[27] The differences in total annual precipitation likely 
account for some of the Pu concentration differences between Amchitka and Adak. 
The 
240
Pu/
239
Pu ratios for Amchitka lichen samples varied between 0.185 and 0.194, 
which was slightly higher than that of the Adak samples, which varied between 0.176 and 0.180 
(Figure 8). However, all values fell within the northern hemisphere global fallout range 
(0.180±0.014), suggesting the source of Pu in lichen is global fallout. 
Soil underlying one of the lichen samples on Adak Island was collected and analyzed. 
The 
239+240
Pu concentration was 3850±109 mBq kg
-1
 and the 
240
Pu/
239
Pu ratio was 0.188±0.003, 
indicated the source of Pu in soil was global fallout.  
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Figure 8. Measured 
240
Pu/
239
Pu ratio results in terrestrial and freshwater samples collected from 
Amchitka Island and Adak Island. The two solid lines represent the global fallout range 
(0.180±0.014). All error bars are based on one standard deviation, except for mussel sample 
ANT (%difference).  
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Kelp 
Kelp is known to absorb and accumulate radionuclides from marine environment.[28,29] 
Adak Island samples had relatively lower Pu concentration (167±29 mBq kg
-1
) than the 
Amchitka samples, which were sampled from the three nuclear test sites. Milrow sample had the 
highest Pu concentration of the three Amchitka samples (700±6 mBq kg
-1
), followed by Long 
Shot sample (246±12 mBq kg
-1
) and Cannikin sample (195±16 mBq kg
-1
). Similar 
239+240
Pu 
concentration levels and inter-island differences were observed by Burger et al.[30] 
240
Pu/
239
Pu atom ratios in kelp were consistent between the two islands. Samples from the 
three sites on Amchitka gave an average 
240
Pu/
239
Pu ratio of 0.226±0.003, while the ratio 
measured from Adak was 0.226±0.005 (Figure 9). These elevated 
240
Pu/
239
Pu ratios fall out of 
the range of global fallout, consistent with previous studies of Pu in the marine environment of 
northern Pacific Ocean region (Table 4). One possible source for higher 
240
Pu/
239
Pu ratio is the 
initial fallout and subsequent leaching from the Pacific Proving Grounds, where several near-
surface thermonuclear tests were conducted during 1946 to 1958. It has been estimated about 0.2 
TBq of 
239+240
Pu is released annually from the lagoon sediment into open ocean with a 
characteristic 
240
Pu/
239
Pu ratio around 0.29.[31] Earlier studies had reported that the North 
Equatorial Current and Kuroshio Current are the pathways for Pu traveling to the north Pacific 
Ocean,[32] and possibly Amchitka (Figure 10). Hamilton et al. measured the 
240
Pu/
239
Pu ratio in 
the brown algae (Fucus distichus) collected from Amchitka Island and found a ratio of 
0.227±0.007, essentially the same as found in this study (0.226±0.005). The authors of that 
report also concluded that the Pacific Proving Ground was the most likely source for the elevated 
Pu ratio.[8] 
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Figure 9. Measured 
240
Pu/
239
Pu ratio results in marine samples collected from Amchitka Island 
and Adak Island. The red solid lines represent the upper range of global fallout (0.180±0.014). 
All error bars are based on one standard deviation, except for mussel sample ANT (%difference). 
No error bar is shown for samples with a single measurement. 
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Table 4. 
240
Pu/
239
Pu ratios in the marine biological and environmental samples. 
Species Location 
240
Pu/
239
Pu Reference 
Brown Algae (Fucus distichus) Amchitka Island, AK 0.205-0.236 [8] 
Seawater Pacific Ocean 0.20-0.28 [33] 
Seawater Marshall Island 0.201-0.298 [5] 
Kelp (Laminaria digitata) Atlantic Ocean 0.166-0.185 [34] 
Squid liver(Todarodes pacificus) Coastal sea areas in Japan 0.196-0.230 [35] 
Crab(Chionoecetes ) Japan sea 0.21–0.26 [36] 
Cockle (Cardium edule) Morecambe Bay, UK 0.21±0.013 [37] 
Soil Bikini atoll 0.30-0.36 [38] 
Soil & litter Fukushima 0.303-0.330 [44,45] 
Sediment Kara Sea 0.15-0.18 [39] 
IAEA 135 (Sediment) Irish Sea 0.186-0.213 [40,41] 
IAEA 367 (Sediment) Marshall Island 0.295-0.303 [6] 
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Figure 10. Possible Pu sources that contribute elevated 
240
Pu/
239
Pu ratios to the marine 
environment in northern Pacific Ocean region include the Marshall Islands, Rybachiy Naval 
Base, Fukushima, and Amchitka Test Site (circled in red). 
 
 
 
 
 
 
 
 41 
 
Another proposed source of higher 
240
Pu/
239
Pu is from discharge of highly irradiated 
nuclear reactor fuel, which has 
240
Pu/
239
Pu ratios as high as 0.65.[42]  Located on the Kamchatka 
Peninsula, the Rybachiy Naval Base refueling and waste management facility represents one 
such potential historical source.[43]  Fukushima Daiichi Nuclear Power Plant may represent a 
new source of enriched Pu to the North Pacific, but studies are ongoing to evaluate this 
potential.[44,45] One approach (beyond the scope of the current study) is to analyze a relatively 
large amount of sample (~kg size) to enable measurements of 
241
Pu/
239
Pu and 
242
Pu/
239
Pu.  These 
minor Pu isotope ratios can potentially be used in isotope mixing plots to rule out sources like 
Fukushima which should have relatively high levels of 
241
Pu.  
The marine sediment collected from offshore of the Long Shot site had a 
239+240
Pu 
concentration of 157±5 mBq kg
-1
. The 
240
Pu/
239
Pu ratio (0.212±0.021) was characteristic of 
northern Pacific Ocean, and was consistent with previous reported values.[13,46] 
Horse mussel 
Horse mussel samples were collected off-shore from the Long Shot and Milrow sites on 
Amchitka Island, additional mussel samples were also collected from two separate locations on 
Adak Island. This is believed to be the first reported 
240
Pu/
239
Pu ratios for horse mussels 
collected at Amchitka and Adak. The 
239+240
Pu concentrations of Amchitka samples were close 
site to site, and were generally higher than Adak samples. Milrow sample had the highest 
239+240
Pu of 148 mBq kg
-1
, while ANT sample from Adak Island showed the lowest 
239+240
Pu of 
27.9 mBq kg
-1
.  
With regard to 
240
Pu/
239
Pu ratios, the Amchitka samples had an average 
240
Pu/
239
Pu ratio 
of 0.228 while Adak samples had an average ratio of 0.223. These ratios are similar to that found 
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for kelp (above), which is not surprising because both species live in the marine environment and 
sequester Pu from seawater. 
Aquatic Moss 
Only the aquatic moss samples collected from Long Shot site and Cannikin site were 
available in this study. The Long Shot sample showed a Pu concentration of 560±33 mBq kg
-1
, 
while the Cannikin site had a Pu concentration of 573±6 mBq kg
-1
. The 
240/239
Pu ratios from the 
two sites were close (0.182±0.004 for Long Shot sample and 0.184±0.005 for Cannikin sample) 
and suggested the source of Pu as global fallout. Our 
240/239
Pu results were also close to the 
previous reported Pu ratios in Amchitka aquatic moss samples.[13] 
Plutonium concentrations in moss samples were considerably higher than the other biota 
that were analyzed, indicating that it is a better Pu accumulator than the other species, given that 
all pooled samples were representative of the species group on the sampling sites. 
2.4.3 Possibility of radionuclide seepage from the Amchitka Test Site 
Whereas the 
240
Pu/
239
Pu ratios in marine samples were statistically higher than those in 
terrestrial and freshwater samples (t-test, p<0.001), indicating an additional source of Pu to the 
marine biota, the ratios are consistent between Islands and with previous reports for biota in the 
north Pacific (Table 4).  Moreover, the Pu concentrations in biota found in this study were 
generally similar to that reported years earlier.[13,30]  The 
240
Pu/
239
Pu ratios provide evidence of 
a non-global fallout source(s) of Pu in the marine environment in this region, but cannot link that 
source to the Amchitka site.   However, because the ratios were essentially the same in the 
marine samples at both Amchitka and Adak, Pu leakage from Amchitka is not likely.   
 43 
 
2.5 Conclusion 
ICP-SFMS offers a rapid and accurate means to analyze solutions prepared from 
biological samples for Pu concentrations and 
240
Pu/
239
Pu atom ratios. Plutonium concentrations 
varied between species, with the highest levels in the freshwater moss and lowest values in the 
lichen. Plutonium levels in lichen were higher at Adak Island than Amchitka Island, likely 
because of differences principally in precipitation. The 
240
Pu/
239
Pu ratios in lichen and moss were 
consistent with global fallout. In contrast, kelp and horse mussel, which derive their Pu from the 
marine environment, had higher 
240
Pu/
239
Pu ratios characteristic of the northern Pacific Ocean. 
The Pu concentrations and 
240
Pu/
239
Pu atom ratios were consistent with values reported years 
earlier.   
The marine Pu ratios confirm a secondary source of Pu, but cannot resolve the origin of 
that source.  At present there are four known potential non-global sources for this region; 1) 
Marshall Islands Pacific Proving Grounds; 2) Kamchatka Peninsula Rybachiy Naval Base and 
Kamchatka Refueling and Waste Management Facility; 3) Amchitka Island underground nuclear 
test site and 4) Fukashima nuclear plant. The Marshall Islands, based on numerous studies, is a 
source of elevated 
240
Pu/
239
Pu material to the north Pacific marine environment, with ocean 
currents providing a pathway for Pu transport.  Rybachiy Naval Base is reported to contain 
nuclear wastes and stored reactors and is a potential, but unconfirmed, source of elevated 
240
Pu/
239
Pu to the marine environment.  Amchitka, due to the nature of the underground tests, 
represents a more limited potential for release of Pu from the shot cavities, but cannot be 
excluded as a source based on the analysis of Pu ratios. It remains to be seen to what extent Pu 
released from the Fukushima nuclear power plant disaster will affect future samples collected 
from Amchitka. 
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CHAPTER THREE 
3. SOURCING IRON-RICH PIGMENT USED IN LOWER PECOS ROCK 
PAINTS USING LASER ABLATION-INDUCTIVELY COUPLED 
PLASMA-MASS SPECTROMETRY AND CHEMOMETRICS 
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3.1 Abstract 
Chemical analyses of prehistoric rock paints from the Lower Pecos Region of 
southwestern Texas were undertaken using laser ablation-inductively coupled plasma-mass 
spectrometry. The technique was proven to be able to measure the chemical composition of the 
paint pigments with minimal interference from a natural rock coating that completely covers the 
ancient paints. Samples representing potential sources of paint pigments, including iron-rich 
siltstones, ochre, rhyolite and quartzite were analyzed together with rock paint samples. Two 
pigment cakes excavated near the study area were also analyzed. Cluster analysis, principle 
component analysis and discriminant analysis were used to compare the chemical compositions 
of the paint and potential pigment sources. The significant chemical similarity between the paint 
and siltstones suggest that siltstone was the possible source of red color on the paint. The 
overlapping chemical signatures for one of the pigment cakes and siltstone further suggests that 
some of the prehistoric people inhabiting the area 3000-4000 years ago had acquired the skills to 
extract iron-oxide from siltstone and process it into paint pigments in order to facilitate the paint 
production. 
3.2 Introduction  
3.2.1 Rock paint arts in Pecos Archaeological Region 
The Lower Pecos Archaeological Region (Figure 11) was occupied by hunter-gatherer 
populations almost continuously throughout the Holocene.[1,2,3] The inhabitants lived primarily 
in dry rock shelters that line steep limestone canyon walls, as well as in open air sites in the 
canyon bottoms and uplands. A salient cultural activity of the Lower Pecos people, especially 
those living in the region between 3000 - 4000 years ago, was the production of rock paintings. 
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More than 250 rock art sites have been identified with the extant pictographs occurring on the 
back walls of dry rock shelters and under rock bluff overhangs. Five distinct pictograph styles 
have been defined in the region and attributed to different habitation periods,[4,5] with the vast 
majority categorized as Pecos River Style (PRS).[6] Photographs and descriptions of the rock art 
can be found in a variety of publications.[7-9] These paintings are characteristically large (up to 
eight meters in height) and polychromatic, composed primarily of red and black paints with 
lesser use of orange, brown and white. The most common PRS motifs are anthropomorphs with 
rectangular heads and extended arms, both generally ornamented, the former with headdresses or 
antlers the latter with weapons such as atl-atls, darts, or rabbit-sticks.[10,11]  
 
 
Figure 11. Map of Texas showing the approximate extent of the Lower Pecos Archaeological 
Region. 
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3.2.2 Physicochemical analysis of rock paints 
Studies of paleoart generally tend towards one of two strategies. The first can best be 
defined as iconography, in which motifs, themes, styles, placement, etc. are defined and used as 
comparison parameters. The second strategy is based on the physicochemical properties of the 
artifacts; in the case of pictographs, these properties usually include the chemical and mineral 
composition of the paints. Knowing the composition of the paint provides information on a 
variety of human activities and behaviors related to rock art production, such as how and where 
the paint materials were collected, how these substances were processed into paints, and the 
means by which the final product was applied to the rock surfaces. This can give direct evidence 
on the evolution and advancement of technologies used by prehistoric humans. Furthermore, the 
physicochemical characteristics of paints provide an independent means to compare and contrast 
assorted pictographs, one that is based on original paint recipes and not interpretations of the 
images [12].  
A critical issue in analyzing ancient paints using current instrumental methods is that 
samples must be removed in order to perform most chemical analyses. Although there are a few 
techniques that can provide in situ analysis, for example portable X-Ray Fluorescence (XRF), 
most methods require samples to be brought into the laboratory. Bednarik details the methods for 
collecting paint samples and the ethics of removing paint residues, mainly from the standpoint of 
direct dating of rock paints.[13] Clearly, establishing the age of specific pictograms is important 
in terms of rock art studies;  developments and advances in analytical methods have emerged in 
the last several decades that allow paint chips or residues to be analyzed non-destructively, 
increasing the opportunity for multiple analyses to be performed in succession on a single sample 
(see for example, [14]). The requirements of a “multi-technique” study is that each method be 
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capable of analyzing very small samples with negligible (or no) loss of material and that the 
integrity of the sample remains post-analysis (i.e., it is not ground into a powder or chemically 
pretreated). Presently there are a variety of methods that satisfy these requirements including X-
ray diffraction (XRD), Fourier-transform Raman Spectroscopy, Fourier-transform Infrared 
Spectroscopy (FTIR), particle induced X-ray emission (PIXE), optical microscopy, and 
microprobe microscopy, the latter in cases where the sample is not coated with a conductor. 
These techniques can be used in succession to provide distinct and overlapping information on 
the physicochemistry of the paints. 
A relatively new method that fits the above criteria is laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICPMS). This technique can be applied to very small samples 
(less than 1 mm of surface area) with negligible sample loss-usually less than 1.0 μg of sample is 
removed. Post-analysis the sample is essentially pristine. Moreover, the method yields accurate 
quantitative data for most elements, including trace elements at the parts-per-billion (ng g
-1
) 
concentration range. LA-ICPMS has become increasingly important in the study of 
archaeological materials [15,16,17] and has been used successfully for analyzing prehistoric rock 
paints located in Spain.[18] Of particular importance in employing LA-ICPMS for the analysis 
of ancient rock paints is that elemental concentrations can be monitored in real-time as the laser 
ablates through the sample surface and into lower strata. Because most ancient paints are 
incorporated within or covered by natural rock coatings this facet of the output provides a 
distinct advantage of being a ble to identify when data from the paint layer is being acquired. 
3.2.3 The physicochemistry of Lower Pecos rock paints  
Lower Pecos pictographs have been studied extensively using scientific methods. The 
first analytical method applied to these artifacts was XRD by Zolensky in 1982,[19] where the 
 55 
 
mineral phases in the red, brown, orange and yellow pigments were determined to be iron-oxides, 
primarily Fe (II) and Fe (III) oxides, hydroxides, and hydrates (see also [20]). Iron oxides were 
also consistently present in black paints but with inclusions of manganese oxide/hydroxide 
minerals, mainly pyrolusite and manganite.  
All the extant rock paintings in the Lower Pecos region occur in dry rock shelters and 
under rock overhangs. The limestone surfaces in these environments, i.e., surfaces protected 
from rain and runoff, are completely covered with a natural rock coating composed almost 
entirely of calcium oxalate.[21,22] The pictograph paints are encapsulated within this oxalate-
rich coating (Figure 12). Oxalate-rich rock coatings are common under rock overhangs world-
wide, and occur on surfaces that also contain rock art in Australia,[23] Africa,[24] Spain[25] and 
Brazil.[26] 
 
 
Figure 12. Optical photograph of a thin-sectioned paint sample showing the stratigraphy of the 
oxalate-rich coating, the paint layer, and the basal limestone. 
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The natural rock coating that occurs in Lower Pecos rock shelters is generally ~500 μm 
thick with micro-intrusions of gypsum from efflorescence and clay deposits, both of which occur 
on the surface and imbedded within the coating as observed using SEM-EDS.[27,28] There were 
also microstructures observed in the coating that resembled features observed in lichens,[28] 
which are known to produce calcium oxalates. Hess et al., however, demonstrated that at least 
five species of oxalate-producing bacteria (mainly Bacillus) occur on or within the rock coating. 
[ 29 ] Whether produced by lichen and/or bacteria, the oxalate is definitely biogenic and 
radiocarbon analyses of the coating indicate it was produced episodically during the middle and 
late Holocene.[30] The SEM analysis of paint samples showed that the paint layers were 
generally ~100 μm thick and discontinuous. In all cases the paint layers were completely covered 
by the oxalate coating and usually at the interface between the basal limestone and coating.[21]  
Paint samples from the Lower Pecos Region were the primary materials used in the 
original proof-of-concept research that led to the development of the plasma-chemical extraction 
technique for 
14
C dating rock paint.[31,32] At least twenty-five individual Pecos River style 
paint samples have since been radiocarbon dated using this technique, yielding data that 
demonstrated the viability of the plasma extraction method for isolating organic carbon for 
14
C 
measurements. The results further established the period of production of the oldest and most 
extensive rock art style, the Pecos River Style, at between 3000- 4000 years ago.[33] The 
production of these artifacts coincides with a time period when the human population in the 
region was at a local maximum.[6] 
The pigments used in Lower Pecos rock paints are demonstrably inorganic. But the   
mineral pigments do not produce a substance that can be used as a paint when simply added to 
water, especially not a paint that can yield thin, continuous, vibrant lines that are characteristic of 
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many of the Pecos River Style motifs (Figure 13). The pigments must have suspended in a more 
viscous substance, probably an oily or greasy material that would serve as a suspender as well as 
a vehicle to bind the pigments to the rock substrate.[7] The presence of such an organic material 
is the basis for the 
14
C analysis of the rock art. That elevated concentrations of organic matter do 
occur in the Lower Pecos pictograph paints has been demonstrated through the low-temperature 
oxygen plasma extractions of organic (reduced) carbon in paint samples. Paint samples yielded 
considerably more CO2 during the experiments as compared to extracts taken from rock surfaces 
collected next to the painting.[32]  
 
Figure 13.  Photograph of a Pecos Style pictograph (~ 1 m tall).The very fine lines of red and 
black paint were used to produce what appear to be wings, red paint that outlines the body, and 
individual toes. This suggests that some form of an organic substance was used to suspend the 
inorganic pigments. 
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The nature and source of the organic material used in Lower Pecos paints remains a 
mystery. It is generally assumed that animal fats or plant juices were used to prepare the paints. 
Reese et al. attempted to identify the source of the organics using DNA extracted from the paints 
and amplified using PCR.[34] This work initially indicated that there was animal DNA in the 
paint; however, these experiments were not reproducible.[35] Extractions of lipids (focusing on 
bound and unbound fatty acids) from the ancient paints were also performed and analyzed using 
GC-MS.[36] The results showed that the paint samples and non-painted surfaces next to paints 
have the same fatty acid compositions and concentrations. It stands to reason that these detected 
organic compounds were not those deliberately added to the paints, but instead the product of the 
organisms that grow naturally on the rock surfaces (which we address below). It is likely that any 
organic matter that was added to the paint mixture has polymerized over the past three to four 
millennia, and is no longer in the original molecular form.  
In summary, we can state unambiguously that the Lower Pecos rock paints were prepared 
primarily from iron oxides between 3000-4000 years ago and that these pigments are currently 
encapsulated within a naturally occurring, 500 μm thick rock coating. The coating is mainly 
calcium oxalate with minor amounts of gypsum and clays incorporated within and on the 
surfaces of the coating.  
3.2.4 The two Pecos River sites studied 
Site 41VV75 is a large dry rock shelter located in Seminole Canyon (Figure 14) and was 
likely a hub of prehistoric travel routes.[37]  The shelter lies about midway between two other 
major rock art sites in the same canyon, Panther Cave (41VV83) and Fate Bell (41VV74). A site 
in a tributary adjacent to 41VV75 contained an archaeological record that extends back 
thousands of years.[37] It is apparent that 41VV75 must have contained significant cultural 
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materials, but unfortunately the site had been pillaged for artifacts that eliminated the 
stratigraphy prior to the systematic archaeological work in the area that began in the early 1930s. 
It is also apparent that the site contained a considerable number of paintings since much of the 
back wall shows evidence of paint. However, the paintings are severely deteriorated due to 
natural tabular spalling of the limestone inside the site. Because of the ongoing loss of the 
pictographs, 41VV75 has been designated as a source of paints for scientific study, and was the 
provenience of most of the samples used to establish the age of the PRS rock art. [31,32] The 
paintings at the site have been identified as PRS pictographs based on observations that the 
original pictographs were obviously large and polychromatic, distinguishing features of PRS.  
 
Figure 14 Left: A view of Site 41VV75; Right: sampling area on a pictograph in Site 41VV75. 
Site 41VV576 is located in Painted Canyon, a tributary of the Pecos River, and ~ 500 m 
from the river. The overhang is long (~250 m) but shallow (~3 m deep where the pictographs 
occur), with the pictographs occurring on the northeast end of the site and ~ 5 m above the 
narrow shelter floor. The only other cultural artifacts present in the site besides the pictographs 
are grinding facets and mortar holes.  
Site 41VV75 
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3.2.5 Possible sources of pigments  
Source(s) of Pecos River paint pigments have been speculated on for many decades. For 
example, Kirkland noted as far back as 1934 that a variety of local materials could have been 
used for Pecos River pigments including “limonite” (a native iron-rich sandstone) as well as 
other brown, red and orange stones common in the dry creek beds.[7] The limonite pebbles are 
softer and easier to work with compared to the harder but more iron rich quartzite stones. The 
iron content of the limonite sandstones is much too low to be used directly as a pigment, and so it 
would have been necessary to extract the iron-rich component from the sandstone. Ochre was 
also suggested as a possible pigment, a material that would not necessarily require 
preprocessing.[7]  
Turpin reported on two large crayons (pigment cakes), each weighing ~ 1 kg, that had 
been excavated from two Lower Pecos rock shelters.[38] The nature of the cakes made it clear 
that if these were precursors to pictograph paints then some form of pre-processing of the 
pigments was used. Turpin further noted that the most likely source of the pigment cakes were 
the local limonite stones, but that significant enrichment of the iron was necessary.[38] She 
suggested that a similar technique, described by Lorblanchet et al.,[39] for the production of 
Paleolithic paints in Europe was used by the Lower Pecos people to construct the pigment cakes. 
The extraction of the iron component involved grinding the pebbles and then putting the powder 
in water. The sandstone quartz would settle out and the iron-containing component would be 
suspended in the water to be isolated. The color of the material could be manipulated and 
enhanced by heating the iron extract to remove hydrates from the mineral matrix, creating 
different shades of red, yellow, orange and brown.  
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Another potential source of iron for the paint pigments could have been iron-rich 
quartzite stones, also common in dry creek beds in the region. Compared to the friable limonite 
sandstones the quartzite is considerably harder and much more difficult to grind into a powder, a 
process that would be necessary to produce the pigments. 
We report here a study aimed at establishing the elemental composition of prehistoric 
rock paints from the Lower Pecos River region of southwestern Texas. Our objective was to 
determine whether there are chemical signatures in the paint that would allow us to identify the 
source(s) of the paint pigments and provide a means for comparing various pictographs. In the 
first phase of work, we developed and validated the methodology for paints and potential 
pigment materials analysis. Preliminary data results were evaluated using chemometrics. In the 
second phase of work, we increased sample sizes and incorporated new potential source 
materials, including the two newly acquired pigment cakes as mentioned previously.   
3.3 Experimental  
3.3.1 Sampling and preparation 
We totally analyzed seven different types of samples for this study: (a) Prehistoric paint 
chips from four sites in the Lower Pecos Region, (b) Samples of the oxalate-rich rock coating 
collected from non-painted surfaces in the rock shelters, (c) Pigment cakes excavated from two 
sites near where paints were sampled, (d) Ochre collected from Arizona and Pecos River region, 
(e) Iron-rich siltstones collected from dry creek beds in the Lower Pecos, (f) An iron-rich 
quartzite stone,  (g) dark red rhyolite also from the canyon bottoms. 
 
(a) Prehistoric paints: The paint samples are typically 2 cm
2
 or less of surface area, range 
in thickness from 1.0 mm to 5.0 mm, and with masses between 2.3 g and 0.020 g (Figure 15). 
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Sixteen red paint samples from four different rock art sites were analyzed for the first phase of 
study. We obtained eight paint samples from five different areas inside site 41VV75. Most of the 
paints in the sampled surfaces appear to have merged into one amorphous montage, and so the 
individual pictographs could not be differentiated. We also analyzed six samples from 41VV576 
collected from two different areas of what appeared to be the same pictograph. Two additional 
samples, one each from sites 41VV124 and 41VV127, were included in the study. All the paint 
samples were most likely from Pecos River Style paintings, and thus produced between 3000-
4000 years ago.  
 
Figure 15. Picture of typical chips of paint samples collected from Site 41VV75 and 41VV576 
 
In the second phase of study, a total of thirteen red paint samples from two different sites 
were analyzed; six were from site 41VV75 and seven from 41VV576. The pictographs in site 
41VV75, from which our samples originated are nondescript due to spalling and exfoliation of 
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the shelter wall. Two pictographs at 41VV576 were radiocarbon dated, a black painting dated at 
3355 ± 65 yr BP and a ~ 1.5 m tall bichrome red and black painting dated at 3000 ± 70 yr BP.[40] 
Three of the samples analyzed in the study reported here (labeled 576-3) were from the latter 
figure, which is an anthropomorph. The other three samples were from two separate pictographs 
in the same panel, all within ~4 m of each other. The motifs are nondescript and composed 
mainly of lines of red paint.  All the samples were collected from surfaces undergoing natural 
exfoliation. Some of the paint samples were collected for previous conservation studies,[41] 
others were donated to us for this project. The sampling was collected under permits from the 
Texas Parks and Wildlife Department. 
(b) Oxalate coating: Since all paints are incorporated within the natural oxalate-rich rock 
coating, we analyzed six individual coating samples collected from inside two of the rock 
shelters (41VV75 and 41VV576). We had five samples from site 41VV75 and one from sample 
site 41VV576; however, no samples from the other two sites (41VV224 and 41VV227) were 
available. 
(c) Pigment cakes: Aliquots from two pigment cakes from Lower Pecos sites were 
included in this study (Figure 16), one had been excavated from 41VV74 (Fate Bell Shelter) and 
the other from 41VV216 (Zopilote Shelter). The pigment cakes are curated at the Texas 
Archaeological Research Laboratory at The University of Texas at Austin. The pigment cake 
from site 41VV74 was excavated in 1932 by A. T. Jackson. Site 41VV74 is the largest dry rock 
shelter in the region (150 m long x 40 m at widest point) with archaeological deposits measuring 
3 m deep in places. As noted above, 41VV74 is in Seminole Canyon ~ 1.6 km from 41VV75. 
The pigment cake was originally excavated in two pieces with the first piece found 66 cm below 
grade and the second 81 cm below grade, and both found against the back wall of the shelter. 
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There was no age given for the pigment cake. During previous scientific investigations a hole 
was drilled into the pigment cake to access materials near the center. The aliquot donated to us 
was collected from inside this hole. The resulting powder was reddish yellow (7.5YR 6/8).  
  The second pigment cake was collected during an excavation in 1962 at 41VV216. This 
shelter is ~ 20 m x 7 m and contained large quantities of burned limestone along with a pile of 
burned rock against the rear of the shelter wall. The pigment cake was found at the bottom of the 
rock pile 36 cm below grade. Again, no temporal data was obtained for this artifact. A hole had 
been drilled into the specimen as well during a prior study, and the aliquot submitted to us was 
collected from inside the hole. The color of the powder was strong brown (7.5YR 5/8). 
 
 
Figure 16. Pigment cakes excavated from Site 41VV74 (left) and 41VV216 (right). 
 
 (d) Ochre: In the first phase of study, ten ochre samples originally collected and analyzed 
using Instrumental Neutron Activation Analysis (INAA) by Popelka-Filcoff et al., were included 
in this study.[42] The samples were collected from three different geological formations in 
southern Arizona (Beehive Peak, Ragged Top and Rattlesnake Pass). The elemental signatures in 
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the ochre were determined to be site specific, thus demonstrating that elemental fingerprinting 
could be used for provenance studies of these ochre formations. For our analysis we prepared the 
samples by grinding them using an agate mortar and pestle and then pressing them into pellets 
using a pellet press under 12,000 psi for five minutes. We analyzed the pellets using XRF for Fe 
concentration prior to the LA-ICP-MS analysis.  
Recently, three sites where ochre nodules occur on the surface were reported to us (Jack 
Parker, personal communication, 2012). The nodules are small (~ 5 cm on one side), soft (Mohs 
< 2), irregularly shaped lumps of Fe-rich siltstone. Samples for our study were collected from the 
three sites that are ~20 km from the mouth of the Devils River and ~60 km from the mouth of the 
Pecos River, and ~1.5 km apart from each other (Figure 17). The first location was adjacent to 
TX highway 277 N northeast of Del Rio, Texas; the second was at the base of a hill (Loma de la 
Cruz); and the third location was at a municipal landfill. At the first two sample locations the red 
nodules appear to be eroding from the native soils and are littered on the surface in batches. The 
third site is a municipal landfill and the materials occur at the surface of disturbed soils, likely 
brought to the surface through the excavations to bury municipal waste. The ochre nodules at the 
first two sites were mostly red or brown (10R 3/4 to 7.5YR 4/6), while at the third site the 
specimens were generally yellow (2.5YR 5/6 to 10YR 5/4). Multiple samples from each of the 
three sites were collected and a total of twelve were selected for this study. The samples were 
prepared for analysis by grinding using an agate mortar and pestle. The XRF results indicated the 
Fe concentrations in PR ochres were significantly higher than Arizona ochres, which well 
exceeded the detection capability. Alternatively, one aliquot of the resulting powder was 
analyzed using solution ICP-MS to measure the Fe concentration and a second aliquot was 
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pressed into a pellet using a hydraulic press at 15,000 psi for 5 minutes for the LA-ICP-MS 
analysis.  
 
Figure 17. Map of sampling location in the second phase of study 
 
(e) Iron-rich siltstones: We prepared three pellets from siltstone pebbles collected from 
dry creek beds in the Lower Pecos region during the first phase of study. The Munsell color of 
the original stones ranged from 10YR8/3 to 2.5YR6/6 and with a hardness of ~2 on the Mohs 
scale. The samples were prepared by emulating the method described by Lorblanchet et al.,[39] 
which involved grinding the pebbles in an agate mortar and pestle and placing the powder in a 
 67 
 
beaker with deionized water. The heavier quartz was allowed to settle to the beaker bottom; then, 
the liquid phase with the limonite component decanted. The liquid was transferred to a watch 
glass and the water evaporated in a 100°C oven. The resulting powder was heated over a Bunsen 
burner for several hours to increase the redness, and then pressed into pellets as described above. 
The color of the pellets were significantly darker and redder (colors ranging from 5YR6/6 to 
10R6/6) when compared to the original limonite pebbles. Moreover, the iron concentration 
increased from < 1% Fe in the pebbles to an average of 2.3% Fe in the pellets, as measured using 
XRF. We added four more siltstones samples to the second phase work, three from Skiles 
Canyon and one from Black Cave. 
(f) Iron-rich quartzite: There are a variety of different colored rocks in the dry creek beds 
throughout the study area, some potentially used as pigments.[7] One that matches closely with 
the pigment color is a dark red quartzite with a Munsell color of 10R2.5/2. The iron content of 
the quartzite stone we analyzed was 3.4 % Fe and with a Mohs hardness of ~7. Chips of this 
stone were analyzed directly.  
 (g) Rhyolite: Rhyolite stones also occur in the canyon bottoms that are naturally red, and 
would require only grinding into a powder for use as a pigment.[43] Although the color of the 
rhyolite matches many of the paints (dusky red; 10R 3/2) this material is extremely hard and 
difficult to grind; moreover, these stones are not as abundant as the yellow siltstones. We 
collected one rhyolite sample during fieldwork and included it for this study, and prepared and 
analyzed the specimen using the same method as the ochre samples. 
3.3.2 LA-ICP-MS Instrumentation, data acquisition and data reduction  
The ICP-MS used for laser ablation analysis was an X-Series 2 (Thermo-Fisher Scientific, 
Waltham, MA, USA). The instrument employs a quadrupole mass analyzer (filter) which 
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provides fast scanning capability required for transient signals. Laser ablation was conducted 
using a UP-213 system (New Wave Research, Fremont, CA, USA). The UP-213 employs a 
frequency quintupled Nd:YAG laser with a resulting wavelength of 213 nm. Helium (0.8 L min
-1
) 
was used as the cell carrier gas; argon (0.7 L min
-1
) was added prior to entering the plasma. The 
LA-ICP-MS system was optimized for sensitivity and oxides prior to analysis using NIST glass 
reference materials (SRM 612). The instrumental settings for the LA-ICPMS analyses are 
summarized in Table 5. Briefly, the UP-213 was operated at 40% power, with a repetition rate of 
2 Hz, and a spot size of 100 μm. Data was collected while performing spot shots at the surface of 
the rock samples. Each ablation lasted for about 3 minutes, including 20 seconds before the laser 
was fired to collect background levels (gas blank) and 60 seconds for preceding signal tail wash 
out. The ICPMS was operated in peak jump mode. Raw elemental intensities were processed 
using the X-Series software, where the data was reduced and concentrations were determined. 
For quantification, we used a microanalytical carbonate standard (MACS-3) prepared by the 
USGS using a co-precipitation process in which trace and minor elements were mixed with the 
precipitate. A second carbonate material (GP-4, also from the USGS) was used for quality 
assurance purposes. The GP-4 material was used in a proficiency testing program for micro-
analytical work. Both materials are available in pressed pellet form (Figure 18). 
The relatively low laser power/frequency settings were selected to facilitate 
discrimination between the coating, paint and substrate during the ablation process, and to 
optimize the iron signal. This can be seen in Figure 19, where line scans represent the relative 
concentration of three elements: Ca, Fe and Mg. As the laser ablates through the rock coating, 
the Ca signal remains relatively level due to the dominate material being calcium oxalate. As the  
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Figure 18. Photo of paint samples together with carbonate standards being loaded in the LA 
sample chamber. 
 
 
Figure 19. Typical elemental intensity variation during laser depth profiling. The rise in 
57
Fe 
indicates ablation has reached a paint layer, and the rise in 
24
Mg indicates the ablation has 
reached the limestone substrate layer. 
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ablation proceeds into the paint layer, the Fe concentration increases dramatically due to the high 
concentration of iron oxides. Finally, as the laser penetrates through the paint it begins to interact 
with the limestone substrate, which contains relatively high Mg concentration, which is observed 
by the simultaneous decrease in Fe and increase in Mg. To determine the concentration of the 
elements of interest the signal from these elements were integrated over the area where the iron 
peak was observed. 
Because the ablation process can result in varying amounts of sample reaching the 
plasma, an internal standard is used to compensate for fluctuating signals stemming from this 
mass transport process. For those non-pellet samples, 
44
Ca was used as the internal standard 
because of its dominant, uniform and ubiquitous existence as oxalate.[41] The Ca concentration 
of 31.25% was used in all internal standardization. For the pelletized samples, 
57
Fe was used as 
an internal standard. 
3.3.3 Solution nebulization-ICPMS analysis for Fe concentration 
We analyzed the Arizona ochre, iron-rich quartzite, raw siltstones pebbles, siltstone 
pellets and rhyolite for Fe concentrations using an Innove-X α-4000 AS X-Ray Fluorescence 
(XRF) spectrometer. Fe concentrations in Pecos River ochres and pigment cakes were too high 
to be quantified by XRF spectrometer. 
For samples having high Fe concentrations beyond XRF’s detection range (PR ochres 
and pigment cakes), a microwave digestion followed by solution nebulization-ICPMS analysis 
was employed. We digested the samples (~0.05 g) with 10 mL concentrated nitric acid using an 
Ethos microwave digestion system (Milestone Inc. Shelton, CT, USA). The temperature program  
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Table 5. LA-ICPMS nstrument settings. 
UP-213 system  
Laser type  Nd-YAG  
Wavelength  213 nm  
Power  40 %  
Frequency  2 Hz  
Carrier gas  He  
Carrier gas flow  0.8 L min
-1
  
Scan type  Spot  
Spot size  100 μm  
Duration per scan  ~3 min  
Plasma  
Cool gas flow  13.5 L min
-1
  
Aux. gas flow  0.6 L min
-1
  
Sample gas flow (Ar)  0.7 L min
-1
  
Resolution  125  
Data Acquisition  
Isotopes  
monitored  
24
Mg, 
44
Ca, 
51
V, 
53
Cr, 
55
Mn, 
57
Fe, 
59
Co, 
66
Zn. 
75
As, 
82
Se, 
90
Zr, 
95
Mo, 
115
In, 
121
Sb, 
139
La, 
146
Nd, 
153
Eu, 
175
Lu  
Integration time  10 ms  
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consisted of a 30 min ramp to 180˚C followed by 30 min at that temperature. Each digest was 
then transferred to a centrifuge tube and diluted to 50 mL with 2% nitric acid. A second ~40,000 
fold dilution with 2% nitric acid was made prior to ICPMS analysis. All solutions appeared clear 
prior to analysis. The solutions were analyzed using an Element XR sector-field ICPMS 
(Thermo-Fisher Scientific) with a glass concentric nebulizer and cyclonic spray chamber for 
sample introduction. The Element XR was operated in medium resolution mode ( M/M ≈ 4000), 
such that 
56
Fe was separated from the 
40
Ar
56
O isobaric interference. Instrument performance was 
optimized for stability, intensity and oxide level before sample analysis. Rhodium was used as 
internal standard.  
3.4 Results and Discussion 
3.4.1 Phase one (initial study)  
We initially measured the concentrations of 37 elements in one red paint sample (75RP-
34) and one coating sample (75-31) to determine which elements correlated with the Fe 
concentration using Pearson’s correlation coefficients. Of the 36 elements, nine correlated 
positively with Fe (r > 0.9) in the paint sample (V, Cr, As, Zr, Mo, Sb, La, and Nd), whereas 
only Cr correlated with Fe in the coating. (See Appendix 1) We selected the above elements for 
our subsequent measurements in six rock coating samples, sixteen paint samples, ten Arizona 
ocher samples, three siltstone samples, and one quartzite sample using LA-ICP-MS. Iron 
concentrations in the ochre and siltstone samples were determined by XRF. (See Appendix 2).  
3.4.1.1 Chemistry of the coating and ancient paints  
A primary issue for obtaining reliable data from the paint analysis was the presence of 
each element of interest in the crust, i.e., the background. This was especially true for iron since 
it was the dominant element in the paint and the basis for the color. The iron concentrations of 
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the rock coatings from site 41VV75 (5 samples) ranged from 0.0373% to 0.254% with an 
average of 0.13 ± 0.10%. The average iron concentration in the eight red paint samples from site 
41VV75 was 4.3 ± 2.1 %; therefore, on average, the coatings contribute 2.9% Fe (Table 6). At 
site 41VV576, the iron concentration in the one coating sample measured 0.82 ± 0.34% Fe, a 
value that is four times greater than the coating concentration at 41VV75.  
The six paint samples from site 41VV576 contained 8.2 ± 7.8 % Fe, and thus ten times 
greater than the average iron content of the coating from this site. The sample from site 
41VV227 was 2.46 ± 0.19 % Fe based on four repeat analyses of the one sample. Only one spot 
analysis of the single sample from site 41VV224 (out of four attempted) had a measured iron 
concentration significantly higher than the coatings from 41VV75 or 41VV576, a value of 2.6 % 
Fe, and so we used only this result.  
Of the other eight elements included in the analyses, V, As, Mo and Sb had the lowest 
relative percentage in the crust compared to the paint, whereas, Cr, Zr, La and Nd had the highest 
relative percentages. Therefore, the former elements should more reliable in representing the 
composition of the paints, since they have the least relative contribution from the coating. 
3.4.1.2 Hierarchical cluster analysis  
Ward’s method of cluster analysis was used to draw conclusions about the similarities of 
the total chemical composition of the samples of paint, ochre, sandstone, and iron-rich quartzite 
(Figure 20). Ward’s method minimizes the total within-cluster variance in the data, i.e., at each 
step, the pair of cluster with the minimum cluster distance is merged. The usefulness of this 
approach is revealed in the clustering of the ochre data. These samples originated from three 
different locations. Ward’s method consistently placed the five samples from the Beehive 
formation (BH), the four samples from the Rattlesnake Pass (RP), and the one sample from 
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Table 6. Average concentration of the elements of interest in the coating and paint samples 
collected from two sites in the Lower Pecos (sites 41VV75 and 41VV576). Also shown are the 
relative proportions (%) of each element in the coating compared to the paint. 
 
Site 41VV75 Site 41VV576 
Element 
Coating 
(ppm) 
Paint  
(ppm) 
Relative % 
coating/paint  
Coating 
(ppm) 
Paint  
(ppm) 
Relative % 
coating/paint  
       V 15.6 274 5.7 51.9 961 5.4 
Cr 5.07 22.4 22.6 10.4 11.4 91.4 
Fe 1252 42530 2.9 8200 77750 10.5 
As 10.4 121 8.5 26.5 245 10.8 
Zr 5.27 36.9 14.3 19 19.4 98.0 
Mo 3.30 85.4 3.9 4.36 43.7 10.0 
Sb 0.34 7.07 4.8 0.39 6.95 5.6 
La 2.44 18.8 13.0 4.70 4.77 98.5 
Nd 2.21 19.4 11.4 4.70 5.41 86.9 
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Figure 20. Dendrogram showing the hierarchical clustering based on Wards Method using the 
total chemical composition of the paints, siltstone (limonite), ochre and iron-rich quartzite (iron-
nodule). 
 
 
 
Siltstone 
Siltstone 
Siltstone 
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Ragged Top (RT) in independent clusters. The dendrogram also shows that the iron-rich 
quartzite collected from the Lower Pecos is chemically more similar to the ochre than the paints 
or siltstone, and that the ochre and the quartzite are distinct from the latter.  
The cluster analysis further reveals that the paint composition from samples collected 
from different sites are often more similar as compared to paints collected from the same site. 
There is only one first order cluster consisting of paints from the same sites (three samples from 
41VV576), and one second order cluster also with three samples from a single site (41VV75), 
but the remainder of the first and second order clusters contain samples from a multiple sites. 
3.4.1.3 Principle component analysis (PCA)  
Additional comparisons between the paints and potential pigment sources were explored 
using PCA to determine which elements in our data set contributed most significantly to the 
variance in the data (Figure 21 and Figure 22). From the plot, we ascertained that two principal 
components characterize approximately 75% of the variation in the elemental data. PCA 1 is the 
dominant component, which is consistent in that most of the scored data variation lies along the 
x-axis (assigned to PCA 1). The vectors indicate which chemical elements are responsible for 
most of PCA 1; namely, the vectors most parallel to the x-axis. Hence PCA 1 is mostly driven by 
the presence (or lack thereof) of Mo, La, Nd, and Zr. These elements make little, if any, 
contribution to PCA 2. PCA 2 is a much weaker factor, as indicated on this plot by the fact that 
few of the chemical elements are strongly parallel to the y-axis. Most of the information driving 
PCA 2 is provided by V, As, Sb, and Cr. Recall that vectors that are nearly parallel are redundant 
for purposes of the classification (for example, La, Nd, and Zr are highly correlated in the 
samples and they basically tell the same story about those samples). The  
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Figure 21. PCA loading plot showing the elements contributing to PC1 and PC2, characterizing 
approximately 75% of the total variation in the elemental data. 
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Figure 22. PCA score plot showing the separation of sample groups based on PC 1 and PC 2. 
 
elements Sb and Cr, similarly, provide nearly identical information, while V and As are the most 
interesting for purposes of adding new information to the analysis since they provide very 
different information than Sb and Cr. 
3.4.1.4 Bivariate plots  
Based on the PCA we concluded that the elemental concentrations driving the variance in 
the data, and thus the most useful in associating the paints with particular pigment sources, were 
V, As, Sb and Cr. However, because Cr has a relatively high concentration in the coating 
compared to the paint we eliminated this element due to the expected interference.  
Siltstone 
Quartzite 
 
Arizona Ochre 
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The two bivariate plots below demonstrate that the three potential sources of pigments 
are distinguishable based on the V, As and Sb concentrations (Figures 23 and 24). From these 
plots it is apparent that the paints are least similar to the iron-rich quartzite. In both graphs the 
paint data generally fall between the ochre and sandstone data. The As - V plot shows that there 
considerable overlap with the ochre and paint samples from 41VV75, and the paints from 
41VV576 are more closely associated with the limonite in this plot (Figure 24).  
Comparisons between the paint samples show that there is a chemical distinction between 
the V, As, and Sb content in samples from 41VV576 and 41VV75. The one paint sample from 
31VV227 is chemically the same as those from 41VV576, while the single paint from 41VV224 
is more closely related to the samples from 41VV75. 
 
Figure 23. Log(Sb/Fe) versus Log(V/Fe) bivariate plot showing two dimensional relationships 
between the samples. 
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Figure 24. Log(V/Fe) versus Log(As/Fe) bivariate plot showing two dimensional relationships 
between the samples. 
 
3.4.1.5 Summary of phase one 
We proved LA-ICPMS was a useful technique for obtaining elemental data from samples 
containing prehistoric rock paints. The application of Ward’s Method and bivariate plots 
consistently supported the hypothesis by Turpinthat the local iron-rich siltstone was at least one 
source of the Lower Pecos paint pigments.[6]  On the other hand, the local quartzite stone, 
despite having a much higher iron content than the sandstone and a native color similar to many 
of the paints, was not used in the production of the paints we studied. Finally, the chemical 
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between some of the paints and ochre samples from Arizona suggest that an analogous source 
was used in paint production. 
3.4.2 Phase two (follow-up study): Results 
Phase one study revealed the possibility of siltstone and ochre being the source material 
for the rock paints. However, only three pelletized siltstone samples had been analyzed in phase 
one while the Arizona ochre sites were too far to be practical for the prehistoric inhabitants to 
sample from. As a result, extensive sampling of these two types of samples was conducted in the 
second phase of study. Four more siltstone samples were added to the siltstone group. Twelve 
ochre samples collected from three newly found sites within the Pecos River region were also 
included.  
The average element concentrations of the nine target analytes (V, Cr, Fe, As, Zr, Mo, 
Sb, La, and Nd) are presented in Appendix 2 and 3. Because of the expected high background in 
the paint analysis due to the presence of the rock coating, we selected only the elements in the 
paint samples where the data from multiple spot analyses correlated linearly with Fe (Pearson 
Correlation Coefficient, r > 0.9) for the subsequent statistical analysis. Only Sb correlated with 
Fe in all thirteen paint samples, while Mo and V correlated in twelve samples, and As in ten. The 
remainder of the measured elements had coefficients < 0.9 for five or more samples and so were 
excluded. Thus, Sb, Mo, V, and As were selected as the signature elements for subsequent data 
analysis comparing the source materials in the paints. That these four elements linearly 
correlated with the Fe is consistent with our previous study, which showed that the paint layers 
contained ≥ 90% of the measured analyte as compared to the composition of the natural rock 
coating.[44]   
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The average measured Fe concentration of the six paint samples from site 41VV75 was 
4.0 ± 2.0 % Fe, while the seven samples from 41VV576 averaged 5.0 ± 3.2 % Fe. The Fe 
concentrations of the red paints are ~ 20 times greater than what occurs in the natural oxalate-
rich coating that encases the paint layers.[44] The Fe concentrations of the two pigment cakes 
measured 43.59 % Fe and 8.989 % Fe for the specimens from 41VV74 and 41VV216, 
respectively. The predominant iron oxide mineral present in both pigment cakes was goethite 
based on the XRD analysis. The other minerals present were calcite and quartz, as expected for 
siltstones. 
The ochre samples from two sources, Highway 277 and Loma de La Cruz, had the 
highest collective Fe concentrations of all the samples in the study. Six ochre nodules from 
Highway 277 averaged 35.2 ± 9.4 % Fe and three from Loma de la Cruz averaged 30.5 ± 5.4 % 
Fe. The mineral composition from analysis of five ochre samples showed that all contained 
calcite and quartz, with the Fe as either hematite (two samples) or goethite (two samples) while a 
fifth sample did not register an iron mineral in the sample. The Fe concentrations of the three 
ochre nodules from the municipal landfill were significantly lower than from the other two sites, 
with an average Fe concentration of  3.9 ± 2.0 % Fe.  
The yellow siltstones had the lowest Fe concentrations with an average of 1.7 ± 0.7 % Fe. 
The single rhyolite sample was 3.4 % Fe. XRD analysis of two siltstones did not reveal a Fe 
mineral, only quartz and calcite were observed. 
From the PCA score plot, the cluster of ochre samples can be visually distinguished from 
the group of siltstones (Figure 25). We then performed a linear discriminant analysis (LDA) 
using the log10 values taken from the ratio of the four signature elemental concentrations to that 
of Fe. Density ellipses at 95% confidence level were projected onto the paint, siltstone and ochre 
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data (Figure 26). A simpler bivariate plot using only the log10 values of As/Fe and Mo/Fe was 
shown in Figure 27. Both LDA and bivariate plots showed that (1) the paint data from both 
41VV74 and 41VV576 overlap with each other and with the data from the yellow siltstones; (2) 
the chemical signature of pigment cake 1 (site 41VV74) is more similar to the site 3 ochre data; 
and (3) the datum from the pigment cake 2 (site 41VV216) is included in the ellipses of paint 
samples from site 41VV576. The results also show that the target analyte composition of the 
ochre from sites 1 and 2 (Highway 277 and Loma de la Cruz) consistently overlap and are 
generally unique from the other sample ellipses, This suggests the source of the two ochre 
materials are similar or the same, but distinct from the archaeological artifacts.  
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Figure 25. PCA score plot showing the grouping of ochre, siltstone, pigment cake and paint 
samples. Ochre and siltstone samples were qualitatively separated. 
 
 
 
Siltstone 
Ochre 
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Figure 26. Linear discriminant analysis (LDA) of log10 element (V, As, Mo and Sb) ratios with 
Fe. Density ellipses at 95% confidence level are projected onto the paint, siltstone and ochre data. 
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Figure 27. Log(As/Fe) versus Log(Mo/Fe) bivariate plot showing two dimensional relationships 
between the samples. 
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3.4.3 Phase 2: Discussion  
This study supports Turpin’s hypothesis that yellow siltstones that occur in abundance in 
the Lower Pecos canyon bottoms are the most likely source of iron used as pigments for the 
production of Pecos River Style pictographs. [20,38] It is unlikely that rhyolite or ochre materials 
were used to construct the pigments in the paint samples we analyzed. Based on the fact that 
paint samples from site 41VV576 shares similar chemical composition with the pigment cake 
excavated from site 41VV216 and the siltstone samples, we further speculate that the siltstone 
pebbles could also be a source for the material used to construct the pigment cake from site 
41VV216. The pigment cake from site 41VV74 was more chemically similar to the ochre from 
the Del Rio, TX municipal landfill (site 3), but given the chemical heterogeneity of the samples 
we cannot conclude the artifact is related to this source of material. It is likely, however, that two 
different materials were exploited for the production of the pigments used in the pigment cakes. 
If the source of the Lower Pecos pictograph pigments was yellow siltstones, this would 
indicate that the inhabitants of the region 3000 – 4000 years ago were extracting iron-oxides 
(goethite) from the siltstone pebbles. Moreover, since the red paints in the pictographs are 
composed of a variety of oxidation and hydration states of Fe,[20] this indicates the prehistoric 
painters were modifying the mineralogy via heat to produce the desired pigments. There is 
evidence that humans have been processing pigments similarly via extraction and heating to 
modify the coloring for at least 10,000 years,[45] possibly as far back as 100,000 years. [46,47] 
3.5 Conclusion 
Laser ablation-ICPMS was proven to be a reliable quantification technique for resolving 
the layered structure of ancient Pecos River style paints. The samples we studied remained 
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essentially pristine post-analysis, with negligible amount of paint material removed and with no 
adverse effects to the sample integrity. Yellow iron-rich siltstone was most likely the source 
pigment of the paints from site 41VV75 and 41VV576, and the pigment cake excavated from site 
41VV216. The yellow color of raw siltstone material also indicated that Pecos River inhabitants 
were modifying the color from the raw material, most likely through extraction and heating. 
They also may produce the pigment cakes to facilitate their rock painting. The elemental patterns 
of ochre samples were distinctly different from the rock paints; however, ochre from site 3 (Del 
Rio, TX) showed great chemical similarity to the pigment cake from 41VV74. 
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Appendix 1. Elemental concentrations (ppm) of rock coatings, ochre, prehistoric paints, limonite, 
and an iron-rich quartzite (nodule). (First phase) 
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Elemental concentrations (ppm) 
Sample 
type 
Sample 
Number V Cr Fe As Zr Mo In Sb La Nd 
Coatings     
        
 
75C-31 25.37 0.562 866.7 16.28 2.018 13.34 0 0.049 1.624 1.462 
  
16.16 0.458 595.9 19.74 0.714 2.214 0 0.052 1.925 1.817 
  
22.51 0.374 500.3 -1.89 2.142 6.877 0 0.011 1.796 1.22 
            
 
75C-1-A 24.34 8.866 2890 22.74 30.81 2.714 0.004 1.864 6.006 6.427 
  
16.33 6.668 1300 17.7 3.076 2.018 0 0.315 2.656 2.235 
  
7.827 5.403 397 8.853 1.619 1.062 0 0.162 1.453 1.271 
            
 
75C-1-B 17.06 7.731 1845 17.57 8.39 2.474 0 0.465 3.463 3.217 
  
12.8 4.59 1038 10.75 3.382 3.005 0 0.436 1.897 1.704 
  
17.2 6.334 689.5 10.3 2.142 1.175 0.002 0.237 1.462 1.122 
            
 
75C-1-C 19.18 9.39 1469 7.488 3.915 2.221 0 0.463 1.824 1.585 
  
17.41 8.895 2762 6.683 8.751 2.77 0.001 0.418 4.459 4.389 
  
21.52 9.48 3312 6.204 9.291 2.514 0.004 0.463 3.493 3.469 
            
 
75C-1-D 6.323 2.858 293.4 12.32 0.761 0.278 0 0.03 1.894 1.611 
  
2.763 0.787 173.9 10.86 0.288 2.499 0 0.024 0.863 0.369 
  
7.361 3.692 653.3 11.67 1.706 4.266 0.03 0.143 1.837 1.26 
            
 
576C-1-A 56.59 11.41 7829 28.07 16.77 5.634 0 0.711 5.048 5.572 
  
32.25 8.38 5042 15.3 9.893 2.577 0.003 0.168 4.578 4.324 
  
66.7 11.4 11720 36.22 30.3 4.88 0.059 0.29 4.462 4.209 
Red Paints 
          
 
75RP-34 167 1.904 26020 21.18 15.11 14.73 0 0.662 5.821 6.185 
  
85.94 1.257 14240 8.013 166 11.11 0 0.509 5.355 4.63 
  
130.3 1.839 22010 16.29 16.5 13.36 0 0.596 5.529 5.996 
            
 
75RP-42 178.3 91.48 72570 52.48 22.83 161.2 0.014 2.008 16.54 17.22 
  
194.6 105.2 49160 53.61 46.63 172.2 0.03 2.545 20.21 20.08 
  
94.38 43.45 23780 13.88 22.02 51.82 0 1.462 19.87 24.45 
            
 
75RP-3-A* 230.9 11.9 25640 68.92 10.95 128.5 0.004 7.183 9.574 10.64 
  
59.7 10.86 9890 22.71 11.25 26.41 0.006 1.804 7.909 8.016 
  
174.1 12.41 19680 51.84 15.23 82.52 0.004 5.012 8.18 7.882 
            
 
75RP-3-B* 326.9 9.868 58860 248.1 39.82 58.2 0.007 22.99 4.374 5.398 
  
638.6 12.7 103800 430.4 24.5 102.7 0.005 42.53 8.127 9.117 
 97 
 
  
604 12.05 92770 409.2 24.99 86.52 0 37.71 8.806 8.538 
            
 
75RP-4 198.2 16.26 29880 45.48 29.61 39.3 0.013 1.629 9.079 9.125 
  
473.9 18.63 73990 67.26 25.74 110.3 0.012 3.022 9.611 9.667 
  
97.4 15.72 13800 48.59 23.66 22.96 0.012 1.039 12.89 14.16 
            
 
75RP-2-A* 385.9 43.62 53310 23.3 18.02 73.66 0.011 1.153 7.629 9.765 
  
237.1 3.156 34230 35.79 38.25 44.19 0.006 1.215 15.6 16.38 
            
 
75RP-2-B* 487.6 9.871 44150 158.2 73.29 113.9 0 5.147 21.62 20.49 
  
359 23.05 57380 728.8 117.9 149.4 0 11.9 177.3 179 
  
321.2 23.87 38550 75.85 40.39 80.68 0.029 4.128 24.71 25.01 
            
 
75RP-2-C* 159.4 13.22 21070 63.76 24.01 73.17 0.046 1.39 12.56 12.55 
  
157.4 17.78 21310 51.67 20.21 79.28 0.003 1.849 11.79 11.87 
  
529.1 15.51 72040 97.48 22.93 268.7 0.023 5.046 9.603 8.869 
            
 
576RP-3-
A* 407.7 7.517 35940 67.17 11.71 36.67 0.002 2.283 4.33 4.858 
  
30.76 7.092 3950 16.22 22.56 4.008 0.004 0.067 3.975 4.667 
  
98.91 14.89 17180 5.483 28.58 5.661 0.017 0.706 7.432 8.782 
  
827.6 11.42 95520 161.4 12.67 92.38 0.007 5.197 4.142 4.687 
            
 
576RP-3-
B* 819.4 32.23 22610 60.2 35.42 7.804 0.026 1.269 7.295 8.313 
            
 
576RP-3-
C* 250.9 5.524 21220 54.31 6.578 6.195 0.001 1.271 2.189 2.452 
  
391.5 7.227 30160 77.85 13.83 9.119 0.001 1.763 2.886 3.41 
  
637.3 9.757 53030 119.2 21.46 14.3 0.002 2.549 3.25 3.671 
            
 
576RP-5-
A* 281.7 9.24 24730 127 11.16 8.267 0.01 2.213 4.516 4.835 
  
170.2 13.08 17100 86.8 15.36 5.211 0.025 1.133 6.184 10.44 
  
1284 11.43 92660 360.1 21.4 36.42 0.009 11.07 6.606 6.054 
            
 
576RP-5-
B* 496.1 7.668 30290 149.1 9.26 16.53 0.01 3.199 3.353 3.394 
  
532.2 11.06 54020 177 18.11 23.33 0 4.772 6.202 6.984 
  
3449 12.93 228900 809 46.11 68.17 0.003 25.21 5.066 5.287 
            
 
576RP-5-
C* 2480 9.987 210900 734.3 17.56 141.1 0 19.05 3.603 3.344 
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1836 9.207 177200 543.7 15.31 138.7 0.012 16.88 3.933 3.982 
  
2345 13.06 206400 619.7 22.44 129.2 0.005 19.47 6.097 6.784 
            
 
224RP-3 77.04 12.48 7223 46.57 9.496 2.242 0 0.385 5.241 5.817 
  
65.93 7.052 4438 36.25 4.059 1.49 0 0.367 3.582 3.086 
  
166.8 9.668 26370 59.52 8.189 4.428 0 0.491 3.724 3.331 
  
76.87 10.36 8874 50.79 10.91 2.062 0.003 0.446 4.415 4.778 
            
 
227RP-7 149.5 39.44 26140 203.5 60.72 37.28 0.067 6.887 42.42 45.47 
  
131.6 43.15 24060 107.5 433.5 34.53 0.102 6.105 55.8 64.07 
  
162.6 40.63 26130 181.9 46.14 36.17 0.166 8.059 35.03 41.87 
  
140.4 25.04 22150 97 41.62 12.73 0.036 5.365 26.64 27.88 
Ochre 
          
 
1031 17.77 3.732 18450† 35.92 67.15 0.636 0.03 4.321 11.75 13.75 
 
Beehive 
Hill 29.29 8.006 
 
89.88 36.56 1.141 0.064 5.199 56.47 49.56 
  
38.78 23.31 
 
53.09 30.47 1.652 0.073 6.089 8.968 10.18 
  
44.52 6.996 
 
104.5 220.2 3.235 0.114 13.37 150.8 166.1 
  
44.41 11.18 
 
143.7 95.97 1.301 0.124 14.19 36.91 42.09 
            
 
1035 88.87 30.49 29138 45.01 113.2 1.776 0.141 2.368 33.69 33.53 
 
Beehive 
Hill 92.1 29.7 
 
46.59 115 4.24 0.085 2.367 168.1 134.6 
  
88.52 26.12 
 
54.73 102.5 3.634 0.136 3.093 28.51 35.4 
  
91.77 31.59 
 
39.61 112.5 1.029 0.1 2.435 22.96 23.66 
  
126.3 37.35 
 
39.21 123.6 0.98 0.18 2.383 28.05 28.72 
            
 
1036 91.45 30.98 28972 85.8 104.7 1.429 0.085 8.094 31.81 33.79 
 
Beehive 
Hill 103.4 28.46 
 
102.4 110.6 1.966 0.115 12.14 50.85 63.13 
  
94.46 30.12 
 
94.55 105.3 1.052 0.098 7.64 35.08 35.06 
  
92.31 27.54 
 
100.5 103 1.225 0.108 7.838 26.69 29.75 
  
82.33 33.14 
 
103.2 103.7 1.157 0.19 6.456 24.62 25.72 
            
 
1037 106.3 46.87 30041 58.9 125.8 1.372 0.146 15.15 82.65 63.54 
 
Beehive 
Hill 98.1 39.2 
 
58.9 95.08 0.91 0.104 4.842 38.16 33.33 
  
108.5 36.78 
 
63.23 116.8 1.297 0.118 5.653 25.08 27.97 
  
99 35.13 
 
58.92 92.96 1.31 0.092 6.25 20.61 22.46 
  
100.4 32.67 
 
59.71 116.6 1.567 0.105 5.717 24.64 28.17 
            
 
1050 104.6 108.9 36780 26.11 34.37 1.925 0.19 17.99 15.33 29.24 
 
Ragged 102.8 97.19 
 
27.06 30.14 1.971 0.176 18.87 15.07 25.27 
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Top 
  
107.5 79.99 
 
40.15 39.03 1.686 0.162 22.43 23.53 33.76 
  
95.69 101.1 
 
32.22 32.38 2.429 0.164 18.46 23.25 42.89 
  
103.5 255.3 
 
30.96 48.82 3.252 0.153 18.7 31.49 46.96 
            
 
1046 96.64 121.7 
35074 22.42 354.6 4.055 0.11 6.065 12.93 16.13 
Rattlesnake 
Pass 
  
  
94.11 59.7 
 
8.299 110.4 2.566 0.083 6.154 26.34 32.9 
  
95.66 120.1 
 
25.41 62.4 2.261 0.13 7.054 20.74 24.83 
  
92.82 112.5 
 
24.33 51.07 4.169 0.099 17.67 23.37 32.31 
  
79.81 29.69 
 
9.003 44.89 1.101 0.075 3.359 9.37 11.25 
            
 
1043 375.6 61.79 31322 57.84 626.9 5.961 0.226 6.185 134.2 175.6 
 
Rattlesnake 
Pass 119.5 53.87 
 
14.03 103.2 0.946 0.099 2.475 32.13 38.7 
  
90.49 45.19 
 
15.05 321.8 2.041 0.101 4.384 26.49 48.05 
  
143.2 59.25 
 
29.69 111.9 1.551 0.087 3.285 29.8 34.32 
  
116.5 35.23 
 
15.4 124.1 0.968 0.057 3.228 22.55 24.86 
            
 
1044 117.5 30.24 25360 28.98 76.68 1.274 0.052 2.78 28.63 34.21 
 
Rattlesnake 
Pass 91.42 46.17 
 
8.911 50.45 0.693 0.102 3.929 17.74 18.81 
  
94.53 46.29 
 
16.3 100.7 0.906 0.08 15.85 45.16 48.81 
  
86.96 38.42 
 
44.03 91.94 0.755 0.063 3.927 74.57 97.77 
  
100 39.04 
 
27.78 115.3 0.781 0.094 4.279 32.56 34.6 
            
 
1045 172.6 72.38 32324 22.39 210.5 4.33 0.162 7.14 26.74 34.29 
 
Rattlesnake 
Pass 101.8 34.24 
 
21.44 65.86 2.727 0.042 2.436 20.34 23.66 
  
114.7 34.65 
 
8.916 54.35 1.056 0.053 1.446 13.96 14.73 
  
146.4 28.98 
 
13.9 80.09 1.525 0.067 1.917 21.7 25.07 
  
122.1 30.16 
 
18.45 80.36 1.669 0.081 2.022 21.34 25.84 
            
 
1038 41.26 16.86 20684 48.01 44.77 0.961 0.045 3.023 14.94 16.9 
 
Beehive 
Hill 41.5 18.09 
 
69.48 133.4 1.598 0.049 3.225 12.81 14.52 
  
44.13 24.75 
 
46.29 45.3 1.181 0.059 3.302 16.18 19.8 
  
77.65 152.7 
 
53.56 82.58 4.163 0.065 3.945 10.15 11.26 
  
55.71 30.08 
 
53.18 43.37 1.549 0.077 3.182 14.67 17.22 
Sandstones  
          
 
SS 2 586.8 120.8 16387 158.9 40.26 9.91 0.071 5.625 25.05 24.19 
  
699.3 185.3 
 
155.1 34.2 15.96 0.055 5.311 36.42 34.76 
 100 
 
  
578 123.5 
 
135.1 43.33 8.946 0.075 5.5 29.89 27.13 
  
560.3 133.5 
 
133.4 71.38 10.24 0.091 5.506 25.8 27.3 
  
561.2 129.5 
 
144.5 46.73 10.05 0.091 6.006 30.23 28.65 
            
 
SS 3 632.6 82.34 31605 162.6 54.41 5.937 0.126 9.201 20.09 14.42 
  
631.3 102.8 
 
161.5 69.23 6.38 0.105 8.399 28.45 21.11 
  
620.5 77.05 
 
155.5 63.34 6.107 0.118 8.395 18.79 14.87 
  
552.5 63.7 
 
164.9 51.32 6.186 0.102 8.099 15.59 11.47 
  
609.3 85.19 
 
168.6 57.51 6.576 0.134 8.271 18.37 12.69 
            
 
SS 5 1136 88.21 19855 114.8 164.7 4.397 0.085 7.836 28.14 39.12 
  
1418 119.1 
 
130.1 132.4 6.092 0.085 9.347 34.1 47.73 
  
912 72.7 
 
136.7 102.2 5.038 0.07 9.703 22.24 29.3 
  
1116 85.09 
 
149.4 115.9 5.173 0.079 8.693 24.66 34.07 
  
1410 128.1 
 
150.8 176.7 7.534 0.097 10.52 48.45 61.58 
Iron nodule 
          
  
25.05 0.513 33847 3.361 596.3 2.375 0.119 0.928 138.9 148.9 
  
32.94 0.681 
 
1.015 377 2.015 0.188 1.007 29.75 31.7 
  
11.86 0.346 
 
1.678 581.6 4.396 0.128 0.503 48.24 53.85 
  
34.3 0.39 
 
8.392 408.5 1.977 0.154 1.021 95.96 104.4 
  
27.18 1.009 
 
14.38 363.3 3.146 0.17 1.268 54.17 59.99 
  
32.63 0.193 
 
10.02 804.5 3.049 0.173 1.108 188.5 202.8 
    25.41 0.803   4.159 786.5 2.965 0.241 1.202 77.24 87.8 
 
* Indicates aliquots where multiple samples were collected from the same spot on the shelter wall. 
†The Fe concentrations for ochre, sandstones and iron nodule were measured using XRF. 
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Apendix 2.  Elemental concentrations (ppm) of the pelletized ochre and limonite samples 
obtained using XRF. (First phase) 
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Sample 
ID  Ti Mn Fe Co Cu Zn As Pb Rb Sr Zr Mo Sb 
Ochre 
1031  1691 3933 18450 98 0 268 136 59 274 571 161 19 41 
Ochre 
1035  2728 3946 29138 402 23 126 48 33 260 109 192 12 0 
Ochre 
1036  2806 6678 28972 275 0 350 141 58 239 160 210 10 0 
Ochre 
1037  3060 4745 30041 422 32 139 62 40 236 174 308 5 0 
Ochre 
1038  1619 4595 20684 0 0 168 48 38 214 191 192 23 0 
Ochre 
1043  4700 1484 31322 283 46 59 17 30 160 1594 247 7 0 
Ochre 
1044  3426 2416 25360 350 0 74 11 35 140 872 255 7 0 
Ochre 
1045  5063 2409 32324 421 52 63 21 36 131 2080 217 14 0 
Ochre 
1046  5021 3560 35074 170 33 80 19 50 163 1059 271 25 0 
Ochre 
1050  4760 1073 36780 411 0 62 44 22 218 176 224 8 0 
Sandstone 
2  481 0 16387 99 0 69 78 12 23 1398 55 54 0 
Sandstone 
3  992 0 31605 503 49 138 184 18 24 1864 102 24 0 
Sandstone 
5  447 0 19855 363 0 289 102 22 4 3865 104 28 0 
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Appendix 3. Concentrations of nine elements in Pecos River pictograph paint and potential 
pigment source material determined by LA-ICPMS. (Second phase) 
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Material Sample ID     V                 Cr              Fe
a                     
As                Zr          Mo            Sb            La            Nd 
  
AVG  SD AVG SD AVG SD AVG SD AVG SD AVG SD AVG SD AVG SD AVG SD 
Paint 
75RP-4 (S1) 333 98 19.6 4.8 73850 31540 47.1 19.2 25.1 7.7 125 51 2.34 0.72 11.3 2.7 10.35 1.71 
75RP-4 (S2)
b
 236 *
c
 12.2 * 36560 * 39.7 * 19.4 * 52.5 * 1.63 * 6.56 * 6.59 * 
75RP-2A (S2) 271 157 13.2 5.4 32500 7030 226 251 53.8 28.0 79.9 24.6 4.92 3.00 52.2 62.6 52.3 63.4 
75RP-3A (S1)
b
 123 * 7.36 * 13110 * 36.7 * 7.80 * 64.2 * 3.70 * 5.20 * 5.50 * 
75RP-3B (S2) 315 102 6.95 0.90 35080 10500 220 60 17.6 5.1 50.0 13.6 20.8 6.1 3.64 1.54 4.53 1.18 
75-34 330 163 31.2 13.4 50470 21860 66.0 55.3 28.9 15.4 32.0 22.3 2.20 2.88 7.93 3.09 5.82 1.76 
576RP-3A (S1) 568 379 8.89 3.20 43070 26330 90.2 53.4 10.7 4.4 22.2 12.8 2.11 1.44 3.54 1.82 3.72 2.27 
576RP-3A (S2) 279 220 6.97 1.93 30200 23010 46.9 50.6 10.7 5.3 28.2 26.5 1.71 1.36 3.19 0.10 3.71 1.28 
576-3B (S2) 618 464 10.2 2.6 46630 35260 230 187 17.9 6.8 44.5 41.4 3.40 3.10 4.81 1.16 4.88 1.21 
576-2 531 310 4.41 2.2 119000 76130 401 230 17.2 8.9 19.6 10.7 8.04 5.48 3.67 0.10 2.83 0.62 
 
576- 5A (S1) 383 392 7.66 1.40 30160 26750 129 94 10.8 3.0 11.0 11.0 3.18 3.5 3.93 0.66 4.89 2.12 
576-5A (S2) 798 797 6.28 0.85 56460 50670 207 172 13.6 8.5 20.1 12.3 5.92 5.8 2.93 0.84 3.14 1.08 
576- 5A (S3) 911 240 4.03 0.97 24050 5110 252 62 7.85 2.30 35.6 4.4 7.23 1.43 1.84 0.61 1.89 0.79 
Pigment  Crayon 1  153 12 9.40 2.09 435800 * 483 71 20.0 3.6 19.1 2.5 8.84 1.15 3.98 0.95 4.16 1.29 
cake Crayon 2 2440 916 16.5 6.2 89890 * 1870 606 31.0 11.7 94.2 31.9 20.0 6.9 6.10 3.11 6.37 3.00 
Ochre 
DR1 – 1 49.1 2.1 18.7 1.4 411900 8250 19.5 3.6 24.5 3.8 0.37 0.05 0.34 0.02 16.0 1.2 13.4 1.2 
DR1 – 2 26.4 1.2 15.4 1.2 301100 * 6.95 1.70 23.2 5.9 0.35 0.05 0.18 0.02 12.2 0.7 9.04 0.5 
 
1
0
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DR1 – 3 48.0 1.4 18.8 1.0 424800 * 17.1 3.2 26.4 1.3 0.42 0.06 0.41 0.07 21.6 1.5 17.2 1.1 
 
DR1 – 4 64.7 3.3 38.2 1.8 221500 4012 22.3 5.1 54.0 8.8 0.49 0.06 0.64 0.19 24.9 10.6 14.7 2.4 
DR1 – 5 60.0 22.6 26.0 8.3 463200 * 50.2 15.5 42.7 16.2 1.40 1.14 0.68 0.21 24.9 11.2 17.7 6.9 
DR1 – 6 25.1 2.8 14.7 2.1 291600 * 5.23 0.8 16.4 2.4 0.25 0.03 0.12 0.02 11.5 1.8 9.79 1.6 
DR2 – 1 38.8 0.8 16.5 1.2 366800 * 7.86 1.7 17.1 2.3 0.31 0.04 0.15 0.01 13.0 0.7 11.6 0.7 
DR2 – 2 40.7 1.6 22.0 1.2 277000 * 13.9 1.6 29.6 4.6 0.31 0.03 0.29 0.04 13.2 1.0 11.3 0.8 
DR2 – 3 14.8 1.8 8.63 0.80 269700 * 13.9 3.7 17.1 5.2 0.13 0.09 0.23 0.09 31.9 5.1 32.6 5.4 
DR3 – 1 55.6 9.6 20.0 4.5 16240 * 28.3 2.8 27.6 6.3 8.78 1.02 0.37 0.07 15.2 4.4 12.4 3.7 
DR3 – 2 280 11 63.1 9.1 50460 * 72.4 5.4 90.5 17.5 3.26 0.22 0.97 0.16 19.7 5.2 12.2 2.6 
DR3 – 3 70.1 11.2 43.7 8.7 50540 * 20.6 4.0 100 70 1.17 0.06 1.13 0.19 31.4 5.5 30.8 5.50 
Siltstone 
Sk1 115 7 11.6 1.3 13250 * 22.6 1.5 24.5 3.8 1.86 0.20 3.06 0.18 11.3 1.0 9.12 0.9 
Sk2 194 18 19.9 2.7 10520 * 18.9 2.9 51.9 10.9 15.51 0.67 2.64 0.34 17.2 3.1 12.7 2.24 
Sk3 171 19 10.6 2.5 11860 * 28.6 5.9 115 15 12.3 11.8 4.33 2.73 9.52 5.33 13.4 4.06 
 
Pr1 426 16 31.1 2.0 14900 * 3.88 1.57 6.26 1.70 1.77 0.58 0.52 0.13 0.83 0.42 1.04 0.37 
Ra1 597 58 139 27 16390 * 145 11 47.2 14.3 11.0 2.8 5.59 0.26 29.5 4.5 28.4 3.91 
Ra2 609 38 81.5 16.2 31610 * 161 4 59.6 8.2 6.15 0.18 8.52 0.47 20.7 5.5 15.5 4.05 
 
Ra3 1198 216 98.6 23.7 19860 * 136 15 138 32 5.65 1.22 9.22 1.02 31.5 10.5 42.4 12.73 
Rhyolite Rh1 27.1 7.7 0.56 0.28 33850 * 6.14 4.93 560 186 2.85 0.84 1.01 0.25 90.4 56.2 98.5 59.9 
a. Iron in crayon, ochre, siltstone and rhyolite was analyzed by solution ICPMS. Ochre sample DR1-1 and DR1-4 were analyzed in triplicate, the 
rest of samples were analyzed with single measurement.
 
1
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b. Paint samples 75RP-4 (S2) and 75RP-3A (S1) were analyzed in duplicate.  
c. Samples with no SD available were marked with *. 
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CHAPTER FOUR 
 
4. EFFECTS OF GLYPHOSATE ON THE MINERAL CONTENT OF 
GLYPHOSATE-RESISTANT SOYBEANS (GLYCINE MAX) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Duke, S.;Reddy, K.; Bu, K.; Cizdziel, J. J. Agric. Food Chem., 2012, 60, 6764-6771 
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4.1 Abstract 
There are conflicting claims as to whether treatment with glyphosate adversely affects 
mineral nutrition of glyphosate-resistant (GR) crops. Those who have made claims of adverse 
effects have argued links between reduced Mn and diseases in these crops. This article describes 
experiments designed to determine the effects of a recommended rate (0.86 kg ha
−1
) of 
glyphosate applied once or twice on the mineral content of young and mature leaves, as well as 
in seeds produced by GR soybeans (Glycine max) in both the greenhouse and field using 
inductively coupled plasma mass spectrometry (ICP-MS). In the greenhouse, there were no 
effects of either one application (at 3 weeks after planting, WAP) or two applications (at 3 and 6 
WAP) of glyphosate on Ca, Mg, Mn, Zn, Fe, Cu, Sr, Ba, Al, Cd, Cr, Co, or Ni content of young 
or old leaves sampled at 6, 9, and 12 WAP and in harvested seed. Se concentrations were too low 
for accurate detection in leaves, but there was also no effect of glyphosate applications on Se in 
the seeds. In the field study, there were no effects of two applications (at 3 and 6 WAP) of 
glyphosate on Ca, Mg, Mn, Zn, Fe, Cu, Sr, Ba, Al, Cd, Cr, Co, or Ni content of young or old 
leaves at either 9 or 12 WAP. There was also no effect on Se in the seeds. There was no 
difference in yield between control and glyphosate-treated GR soybeans in the field. The results 
indicate that glyphosate does not influence mineral nutrition of GR soybean at recommended 
rates for weed management in the field. Furthermore, the field studies confirm the results of 
greenhouse studies. 
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4.2 Introduction 
Glyphosate (N-(phosphonomethyl)glycine) is the most widely used herbicide in the world, 
due mainly to its extensive use with glyphosate-resistant (GR) crops.[1,2] Glyphosate is a 
divalent metal cation chelator,[3,4] although not a strong one compared to certain synthetic and 
natural metal ion chelators.[5-7] In glyphosate-sensitive plants, glyphosate does affect mineral 
nutrition of the plant. For example, Eker et al. found that glyphosate reduced uptake and 
translocation of Mn and Fe in non-GR sunflower.[8] Whether such effects are due to chelation 
effects or are due to secondary effects from the phytotoxicity is unknown. However, the almost 
50-fold level of resistance of GR crops indicates that if there is a significant effect on mineral 
nutrition on non-GR plants, it is a secondary effect of glyphosate’s phytotoxicity.[9] 
Nevertheless, published data on the effects of glyphosate on mineral nutrition of GR 
crops are contradictory. Three groups have claimed adverse effects on mineral nutrition in GR 
crops in peer-reviewed journals: Zobiole et al.,[10-16] Bellaloui et al.,[17] and Bott et al.[18] All 
but one[16] of the Zobiole et al. studies and the Bott et al. study were conducted in a greenhouse 
or growth chamber. Eight other research groups have found no effect of glyphosate on mineral 
nutrition of GR crops, mostly in the field.[19-27] Published data on the mineral content of GR 
crops do not address the question of whether glyphosate has an effect, as these papers do not 
compare glyphosate-sprayed plants with a no glyphosate control.[28-34] However, the published 
mineral contents are within the normal ranges for these crops. Others have tried to connect the 
reported effects of glyphosate on the mineral content of GR crops to the greater susceptibility of 
these crops to plant disease.[35-37] 
The objective of the experiments described in this paper was to determine whether 
glyphosate applied at field rates has an effect on the mineral content of young and mature leaves, 
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as well as in seeds produced by GR soybeans in both the greenhouse and field. This is the first 
study on this topic to use high resolution inductively coupled plasma mass spectrometry (ICP-
MS) to examine glyphosate effects on the content of almost all metals in a GR crop. Other 
analytical techniques commonly employed to measure elemental content of plant tissues include 
atomic absorption spectrometry (AAS) and inductively coupled plasma-atomic emission 
spectrometry (ICP-AES). Unlike the former, ICP-MS is considered a multielement technique 
which dramatically increases sample throughput. ICP-MS also generally has lower detection 
limits than both AAS and ICP-AES, and is capable of measuring isotope ratios. There are two 
types of mass analyzers commonly employed in ICP-MS: the quadrupole, by far the most 
common, and the sector field. Whereas each has its advantages and limitations, sector field 
instruments allow for high resolution measurements, which were used in this study for select 
elements to eliminate certain isobaric interferences. Moreover, sector field instruments generally 
have lower backgrounds and higher sensitivity and thus lower limits of detection. All mineral 
elements of interest were measured in our study. We found no effects on any of the metal 
contents in leaves or harvested seed. 
4.3 Experimental 
4.3.1 Greenhouse Experiment 
A greenhouse experiment was conducted during November, 2010-January, 2011 at the 
USDAARS Crop Production Systems Research Unit, Stoneville, MS (Figure 28). Glyphosate-
resistant soybean (Glycine max) cultivar (Asgrow 4605RR/S) was grown in 20-cm diameter 
plastic pots containing Bosket sandy loam soil (fine-loamy, mixed, thermic Mollic Hapludalfs; 
pH 8.2, 0.5% organic matter, cation exchange capacity = 16.7 meq 100 g
−1
, 51.3% sand, 37.1% 
silt, and 11.6% clay). The greenhouse was maintained at 28/22 ± 3 °C day/night temperature 
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with natural light supplemented by sodium vapor lamps to provide a 13-h photoperiod. Soybeans 
were seeded and thinned to one uniform plant per pot after emergence and subirrigated with 
distilled water as needed. Plants were supplied with nitrogen (urea, 46% N, 2.6 g L
-1
, 100 mL 
pot
-1
) at 4, 6, and 8 weeks after planting (WAP). Soybean plants at the twotrifoliolate leaf (3 
WAP) stage were used for glyphosate treatment. Treatments were (1) glyphosate at 0.86 kg ae/ha 
applied at 3 WAP; (2) glyphosate at 0.86 and 0.86 kg ae ha
-1
 applied at 3 and 6 WAP; and (3) no 
glyphosate control. Treatments were replicated eight times. Spray solutions, prepared using a 
commercial formulation of the potassium salt of glyphosate (Roundup WeatherMax, Monsanto 
Agricultural Co., St. Louis, MO), were applied using an indoor spray chamber equipped with 
8002E flat-fan nozzles and pressurized at 140 kPa to deliver 190 L ha
-1
. Young and old leaflets 
were sampled at 6 (prior to second application of glyphosate), 9, and 12 WAP. At 6 WAP, the 
young leaves were leaf 6 at node 7, and old leaves were trifoliate leaf 2 at node 3; at 9 WAP, 
young leaves were trifoliate leaves 6 and 7 at nodes 7 and 8, and old leaves were trifoliate leaves 
2 and three at nodes three and four; at 12 WAP, new leaves were trifoliate leaves 10 and 11 at 
nodes 11 and 12, and old leaves were trifoliate leaves 3 and 4 at nodes 4 an 5. At 12 WAP, 
soybean seeds (physiological maturity) were also collected. Leaf and seed samples were stored in 
sealed plastic bags and stored at 4 °C and room temperature, respectively. 
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Figure 28. Picture of the greenhouse and the soybean plant in plastic pots. 
 
4.3.2 Field Experiment 
A field study was conducted in 2011 at the USDA-ARS Crop Production Systems 
Research farm, Stoneville, Mississippi, under an irrigated environment (Figure 29). The soil was 
a Dundee silt loam (fine-silty, mixed, active, thermic Typic Endoqualf) with pH 6.7, 1.1% 
organic carbon, a cation exchange capacity of 15 meq 100 g
-1
 with soil textural fractions of 26% 
sand, 55% silt, and 19% clay. At planting, soil samples from the top 15-cm depth were collected 
by taking four random cores (7.5-cm diameter) in both no glyphosate and glyphosate plots. The 
samples were analyzed by the private soil testing laboratory, Waters Agricultural Laboratories, 
Inc. Camilla, Georgia. The Mehlich 1 double acid extraction method [ 38 ], followed by 
inductively coupled argon plasma emission spectrophotometry was used for mineral 
determinations.  
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Figure 29. Picture of soybean plant in the field study 
 
The experimental area was under glufosinate-resistant soybean production for two years 
prior to this study. Seedbed preparation consisted of disking, subsoiling, disking, and bedding in 
the fall of the previous year. Prior to planting, the raised beds were smoothed as needed. GR 
soybean (Asgrow 4605RR/S) was planted in 102-cm wide rows using a MaxEmerge 2 planter 
(Deere and Co., Moline, IL) at 350,000 seeds ha
-1
 on May 6, 2011. S-Metolachlor at 1.12 kg ai 
ha
-1
 plus pendimethalin at 1.12 kg ai ha
-1
 plus paraquat at 1.12 kg ai ha
-1
 were applied to the 
entire experimental area immediately after planting. Paraquat was applied to kill existing weeds 
at planting, and Smetolachlor and pendimethalin were used to provide early season weed control. 
Treatments were (1) glyphosate at 0.86 and 0.86 kg ae ha
-1
 applied at 3 and 6 WAP and (2) no 
glyphosate control. The commercial formulation of potassium salt of glyphosate (Roundup 
WeatherMax, Monsanto Agricultural Co., St. Louis, MO) was used. Herbicides were applied 
with a tractor-mounted sprayer with TeeJet 8004 standard flat spray nozzles (TeeJet Spraying 
Systems Co., Wheaton, IL), delivering 187 L ha
-1
 water at 179 kPa. All plots including 
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glyphosate-treated ones were hand weeded periodically throughout the season to keep them 
weed-free. No fertilizer nitrogen was applied, and the crop was irrigated on an as-needed basis. 
The experiment was conducted in a randomized complete block design with eight replications. 
Each treatment plot consisted of four 15.2-m long rows spaced 102-cm apart.  
Young and old leaflets were sampled at 9 and 12 WAP. At 9 WAP, young leaves were 
trifoliate leaves 6 and 7 at nodes 7 and 8, and old leaves were trifoliate leaves 2 and 3 at nodes 3 
and 4; at 12 WAP, new leaves were trifoliate leaves 10 and 11 at nodes 11 and 12, and old leaves 
were trifoliate leaves 3 and 4 at nodes 4 and 5. At harvest, about 200 soybean pods were 
randomly sampled from the middle two rows for seed chemical analysis. Soybean from all four 
rows in each plot was harvested using a combine, and grain yield was adjusted to 13% moisture. 
Samples were stored as described above. 
4.3.3 Sample Preparation for Mineral Analyses 
Leaves were removed from storage and dried at 60 °C for ∼24 h to constant weight prior 
to digestion. The mean moisture content of the leaves before drying was 73.1% ± 3.3% (1 SD). 
Soybeans were digested without drying. The mean moisture content of the beans, determined on 
separate portions, was 7.1% ± 0.9% (1 SD). Between 0.1 and 0.3 g of each sample was digested 
with 5 mL of HNO3, 1 mL of H2O2, and 50 μL of HF using a microwave digestion system 
(Ethos; Milestone Inc.) equipped with a multiprep rotor (42 vessels). All reagents were high 
purity grade from SeaStar Chemicals Inc. As noted earlier, there were eight replicates (plants) 
per treatment. From each of these plants, three leaves were collected and analyzed together as a 
single sample. 
Beans from each plant were analyzed in duplicate, using 3 or 4 seeds per digest, and the 
average of the two analyses was used for each plant. The relative percent difference between the 
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beans from a single plant was generally less than 10%. In addition, each digestion batch included 
three method blanks to monitor contamination, and three samples of NIST SRM 1547 (peach 
leaves) reference material to monitor accuracy. The microwave was operated at 1200 W, and the 
temperature program consisted of a 30 min ramp to 120 °C, followed by a 60 min ramp to 
180 °C, after which the temperature was held for an additional 20 min. The resulting clear 
digests were diluted to 50 mL with deionized (DI) water (≥18.2 MΩ). Before analysis, 3 mL of 
each sample was further diluted to 10 mL with DI water, yielding a final solution of 
approximately 3% HNO3 and 0.03% HF. 
4.3.4 ICP-MS Analysis 
ICP-MS measurements were made using a sector field mass spectrometer (Element-XR; 
Thermo-Fisher). The Element XR allows for three resolution settings: m/Δm ≈ 400 (low 
resolution), m/Δm ≈ 4000 (medium resolution) and m/Δm ≈ 10000 (high resolution). Medium 
and high resolutions are used to separate certain polyatomic interferences with the elements of 
interest. The sample introduction system consisted of a glass concentric nebulizer outfitted with a 
glass cyclonic spray chamber. Before the samples were analyzed, the system was optimized for 
sensitivity, stability, and oxide levels. The following was achieved for 1 ng g
-1
 115In in low 
resolution mode: ∼1 million counts per second; <2% RSD (short-term); and <5% oxides. For 
those isotopes measured under medium and high resolutions, mass offset was determined prior to 
the analysis in order to center the peak in the mass window. Instrumental and data acquisition 
parameters are given in Table 7. 
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Table 7. ICP-MS Instrumental Settings 
Plasma  
Cool gas flow 16 L min
−1
 
Aux. gas flow 0.9 L min
−1
 
Sample gas flow 1.19 L min
−1
 
RF power 1280 W 
Data acquisition  
Isotopes LR: 
88
Sr, 
111
Cd, 
137
Ba, 
208
Pb, 
238
U 
 MR: 
24
Mg, 
27
Al, 
44
Ca, 
51
V, 
53
Cr, 
55
Mn, 
57
Fe, 
59
Co, 
62
Ni, 
65
Cu, 
66
Zn 
 HR: 
39
K, 
78
Se 
Mass window 20% for LR; 150% for MR; 
200% for HR 
Points per peak 50 for LR; 20 for MR and HR 
Scan type E-scan 
Integration time 10 ms 
Passes and runs 3 and 2 
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For quantitation of the leaves, external calibration was used with a reagent blank and five 
standards ranging from 0.1 ng g
-1
 to 20 ng g
-1
. For seeds, we employed the method of standard 
additions because we expected a somewhat more complex matrix. Spikes ranged from 0.1 ng g
−1
 
to 50 ng g
−1
. Standards were prepared in 3% HNO3 using a multielement standard solution (Spex 
Certiprep). Linearity (r
2
 value) for the calibration plots for all isotopes was >0.999. Internal 
standardization was performed online using a 2 ng g
−1
 solution of Y and Sc. Y was used for 
elements in low and high resolutions and Sc for elements in medium resolution. Recoveries for 
the reference material for the leaf analyses generally ranged from 80 to 120%, except for Ca and 
K where the recovery was low (56% and 42%, respectively). However, the low recovery of Ca 
and K was consistent so that the relative values are valid, although the absolute values are low. 
Concentrations of elements were above their corresponding method detection limit except for Se 
in leaves. Because Se levels in the leaves were near or below the MDL (∼ 0.7 μg g-1), those data 
are not reported. The Se results for the seeds are reported because the levels exceeded the MDL, 
which was found to be lower for seeds (∼0.04 μg g-1). Future work will investigate ways of 
lowering the MDL for leaf analysis to allow examination of the behavior of trace levels of Se in 
GR soybean leaves.  
Sample data are reported on a dry-weight basis (for leaves) and wet weight (fresh) basis 
for the seeds; mean moisture content for both are reported above. The data reported in the figures 
represent the averages with standard deviations of eight measurements (representing eight plants) 
for the leaves. For seeds, the data are averages with standard errors of eight means (representing 
eight plants) of two samples of three or four beans each per plant. 
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4.3.5 Statistical Analyses 
Data from the greenhouse study were subjected to analysis of variance using SAS PROC 
GLM (SAS Institute, Cary, North Carolina), and treatment means were separated at the 5% level 
of significance using Fisher’s Protected LSD test. Data from the field study were subjected to 
Student’s t-test using Microsoft Excel (Microsoft), and means were separated at the 5% level of 
significance. 
4.4 Results and Discussion 
4.4.1 Soil Analyses  
No significant differences, except for As, were found in mineral content or other 
characteristics of the soil samples that were used for glyphosate treatments versus control plots 
(Table 8).  
4.4.2 Greenhouse Studies 
Statistically, there were no effects of either one or two applications of glyphosate on Ca, 
Mg, Mn, Zn, Fe, Cu, or Ni content on young or old leaves sampled at 6, 9, and 12 WAP (Figure 
30), except for a reduction of Ni in young leaves 12 WAP with one treatment and an increase in 
Cu in young leaves at 9 WAP with two treatments. Not shown are no effect results on Sr, Ba, Al, 
Cd, Cr, and Co, minerals less associated with requirements for plant biochemical processes. No 
effects of either treatment were seen on Mg, Ca, Sr, Ba, Mn, Fe, Ni, Cu, Zn, Al, Cd, Cr, Co, or 
Se in harvested seeds of greenhouse-grown plants, except for a decrease in Sr and an increase in 
Ni with two treatments (Figure 31). 
4.4.3 Field Studies 
There were no effects of two applications (at 3 and 6 WAP) of a recommended rate (0.86 
kg ha
−1
) of glyphosate on Ca, Mg, Mn, Zn, Fe, Cu, or Ni content of young or old leaves at either 
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9 or 12 WAP, except for a decrease in Mn in young leaves at 12 WAP and an increase in Zn in 
old leaves at 9 WAP (Figure 32). The content of some metals changed with leaf age. For 
example, Ni was higher in younger than older leaves, especially at 9 WAP. Conversely, Fe was 
higher in older leaves. Not shown are no effect results on Sr, Ba, Al, Cd, Cr, and Co, minerals 
less associated with requirements for plant biochemical processes. Furthermore, there were no 
effects on Mg, Ca, K, Sr, Ba, Mn, Fe, Ni, Cu, Zn, Cd, Cr, Co, or Se content of harvested seed of 
glyphosate-treated, field-grown plants (Figure 33). There was no difference in yield between 
control and glyphosate-treated GR soybean (Table 9). 
4.4.4 Results and discussion 
In the greenhouse, there were few effects on any minerals in leaves with either treatment, 
and few effects were seen on any minerals of harvested seeds. Similarly, few effects of two 
applications of glyphosate at recommended doses were measured on the mineral content of 
young or old leaves at two time points after the last treatment in the field. Two glyphosate 
treatments had no effect on the content of any minerals of harvested seeds or on yield. The 
statistically significant effects appeared random, with on only one instance of an effect for any 
one metal and both increases and decreases in these six metals (Mn, Zn, Ni, Sr, Cu, and Ca). 
There were 120 treatment means analyzed in this study at the 95% confidence level, so one 
might expect a 5% false positive rate (six). Exactly 6 of 120 treatment means were found to be 
statistically significant. The randomness (six minerals, increases and decreases, and different 
tisues) of these six “significant” means suggests that they are false negatives and positives.  
Our results are in general agreement with the eight groups who have found no effect of 
glyphosate treatment on mineral content of GR crops[19-27] and in disagreement with the three 
groups who have reported deficiencies caused by glyphosate in one or more minerals in similar  
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Table 8. Physical and Chemical Characteristics of Soil (0−15 cm Depth) from the Field 
Experiment at Stoneville, MS, in 2011. 
Soil characteristics No glyphosate Glyphosate t test, P ≥ 
pH (water) 6.54 6.57 0.7 
Organic matter,% 0.79 0.83 0.11 
Cation exchange capacity  9.5 9.3 0.43 
P (kg/ha) 200.2 212.1 0.14 
K (kg/ha) 319.7 321.4 0.93 
Mg (kg/ha) 555.4 551.3 0.83 
Ca (kg/ha) 2587 2567 0.74 
S (kg/ha) 57.4 56.1 0.39 
B (kg/ha) 1.47 1.38 0.58 
Zn (kg/ha) 3.5 3.6 0.73 
Mn (kg/ha) 41.7 43.7 0.56 
Fe (kg/ha) 48.9 51.8 0.28 
Cu (kg/ha) 2.25 2.46 0.09 
As (ppm) 3.48 3.77 0.05 
Al (ppm) 8095 8415 0.48 
Ba (ppm) 1.05 1.07 0.61 
Cd (ppm) 3.69 3.51 0.24 
Co (ppm) 7.22 7.17 0.87 
Cr (ppm) 13.11 13.38 0.65 
Ni (ppm) 17.7 17.4 0.77 
Pb (ppm) 33.5 39.8 0.16 
Se (ppm) 0.3 0.28 0.67 
Sr (ppm) 0.19 0.21 0.24 
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Figure 30. Effects of different glyphosate treatments on the metal content of young and old 
leaves of greenhouse-grown GR soybean plants. One treatment at 3 WAP or two treatments at 3 
and 6 WAP; all treatments were 0.86 kg ai h
−1
, leaves were sampled at three different times after 
planting. Bars represent 1 SD. Differences between any treatment and the paired control mean 
value at the 95% confidence level, using Fisher’s Protected LSD test, are designated with an 
asterisk. 
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Figure 31. Effects of different glyphosate treatments on the metal content of mature seeds from 
greenhouse-grown GR soybean plants. One treatment at 3 WAP or two treatments at 3 and 6 
WAP; all treatments were 0.86 kg ai h
−1
. Bars represent 1 SD. Differences between any 
treatment and the paired control mean value at the 95% confidence level, using Fisher’s 
Protected LSD test, are designated with an asterisk. 
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Figure 32. Effects of two different glyphosate treatments  on the metal contents of young and old 
leaves of field-grown GR soybean plants at two different times after planting. Treatment of 0.86 
kg ai h
−1
 was at both 3 and 6 WAP. Bars represent 1 SD. Differences between any of the paired 
mean values at the 95% confidence level, using Student’s t-test, are designated with an asterisk. 
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Figure 33. Effects of different two glyphosate treatments on the metal contents of mature seeds 
of field grown GR soybean plants. Treatment was of 0.86 kg ai h
−1
 was at both 3 and 6 WAP. 
Bars represent 1 SD. There were no differences among any of the paired mean values at the 95% 
confidence level. 
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Table 9. Glyphosate fffect on soybean yield in the field experiment at Stoneville, MS, 2011 
 
 
 
 
experiments.[10-18] Only two of the papers reporting glyphosate-caused mineral reductions 
were not conducted in a greenhouse or growth chamber.[16,17] In general, we found less of all 
minerals in greenhouse-grown plants compared to those from the field, suggesting mineral 
availability was limited in greenhouse-grown plants. If there are glyphosate effects on plant 
mineral content under some circumstances, understanding the mechanism of the effect could be 
useful in understanding how there could be an effect under some conditions and not others. We 
are aware of three potential mechanisms of glyphosate effects on mineral uptake and 
translocation in plants. The first is through phytotoxicity. If a compound is herbicidal to a plant, 
it will eventually affect most all physiological processes, i.e., secondary effects, including 
mineral uptake and translocation. This is exactly what happens in glyphosate-sensitive plants 
when treated with glyphosate,[8,39-41] but, because GR crops are about 50-fold less sensitive to 
glyphosate than non GR crops,[9] any effects on mineral nutrition in GR plants treated with 
recommended levels of glyphosate should be trivial.  
The second is through the chelation of metal cations by glyphosate.[3-7] Glyphosate is a 
relatively weak chelator,[5-7] although metal ions present in tank mixes of glyphosate can reduce 
the uptake of glyphosate by weeds due to the poor uptake of chelated glyphosate.[42] There are 
natural products in plants (e.g., citrate and some amino acids) that are strong metal ion chelators. 
Furthermore, strong metal ion chelators like EDTA are commonly used to enhance the uptake of 
Treatment Soybean yield (kg ha
-1
) 
No glyphosate 4327 
Glyphosate at 0.86 followed by 0.86 kg/ha 4394 
t test, P ≥ 0.7 
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metal ions such as Fe and Zn. In general, none of the research on chelating agent effects on metal 
uptake would indicate that a weak chelator such as glyphosate would reduce the uptake of 
micronutrient cations from soil, even though glyphosate is certainly chelating mineral ions both 
in vitro and in vivo.  
Even if glyphosate were a very strong metal ion chelator, examination of glyphosate 
levels in glyphosate-treated GS soybean seeds at maturity[43] and mineral levels in soybean 
seed[44] show that on a molar basis the ratio can be from almost 10,000 times more Mn to about 
100,000 times more minerals such as Mg or Ca. Comparing glyphosate content of leaves of 
glyphosate-treated GR soybean[9] with the mineral contents of GR soybean leaves in this article, 
the ratios are smaller (ca. 300 for Ca, 30 for Fe, 20 for Mn, and only 2 for Cu), but the ratio of 
total metal atoms to glyphosate molecules is close to 1000. Even if a substantial fraction of the 
minerals in the plant tissue were unavailable to glyphosate due to chelation with other 
compounds, sequestration, or other means, the ratio of mineral cations to glyphosate anions 
would still be large. These sizable ratios do not support the view that the chelator properties of 
glyphosate would interfere substantially with plant mineral nutrition.  
Some rhizosphere microbes, particularly arbuscular mycorrhizal fungi, assist plants in 
taking up minerals.[45,46] Many microbes, particularly fungi, are sensitive to glyphosate.[47] 
Some of the glyphosate from foliar applications translocates to roots, where a portion of it is 
exuded into the rhizosphere.[48-53] This glyphosate exuded into the rhizosphere could adversely 
affect microbes involved in mineral nutrition. However, several studies have found no effect of 
glyphosate on mycorrhizae,[ 54 - 56 ] although other studies have reported effects on other 
rhizosphere microbes.[57]  
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4.5 Conclusion 
In summary, no effects of recommended doses of glyphosate on 14 metals were found in 
leaves or seeds of greenhouse- or field-grown GR soybean plants. Our results support the 
findings of others that recommended rates of glyphosate do not affect the mineral nutrition of 
GR soybeans. The phytotoxicity, metal chelation and the effect on rhizosphere microbes were 
the three possible mechanisms of glyphosate effects on mineral uptake and translocation in 
plants, however, there were good rationales for why none of these mechanisms would operate to 
reduce mineral uptake and/or translocation in GR crops. 
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CHAPTER FIVE 
 
5. ANALYSIS OF HERBAL SUPPLEMENTS FOR SELECTED DIETARY 
MINERALS AND TRACE ELEMENTS BY LASER ABLATION- AND 
SOLUTION-BASED ICPMS 
 
 
 
 
 
 
 
 
 
Bu, K.; Cizdziel, J. Microchem. J., 2013, 106, 244-249 
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5.1 Abstract 
Concentrations of twelve elements (Mg, Al, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd) were 
determined in six herbal supplements, Korean Panax Ginseng (Panax ginseng), Golden Seal 
(Hydrastis canadensis), Ginger Root (Zingiber officinale), St. John’s Wort (Hypericum 
perforatum), Green Tea (Camellia sinensis) and Valerian Root (Valeriana officinalis), by both 
laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) and conventional 
closed-vessel digestion solution nebulization-ICPMS (SN-ICPMS).  For LA-ICPMS, powder 
from supplement capsules and leaf reference materials were pressed into pellets, the later being 
used for calibration and quality assurance.  Laser ablation was performed using line scans with a 
scan rate of 30 µm min
-1
, a frequency of 20 Hz and a spot size of 100 µm; 
13
C served as the 
internal standard.  For LA it was found that low resolution (m/Δm ≈400) yielded good recoveries 
for the reference materials and results comparable to SN-ICPMS for most elements, except for 
Ca, which was better determined  in medium resolution (m/Δm ≈4000). This study shows that 
LA-ICPMS can serve as an alternative way for determining the concentration of elements in 
herbal supplements in a rapid and pragmatic fashion.   
5.2 Introduction 
 The use of herbal supplements has expanded rapidly during the past decade, and it is now 
estimated that in excess of 3 billion US dollars is spent on herbal supplements annually.[1,2]  
The public is attracted to these drug alternatives for a variety of reasons, including their 
relatively low cost and their perceived safety and effectiveness.[3]  In the US, commercially 
available herbal supplements are regulated under the Dietary Supplement Health and Education 
Act of 1994 (DSHEA) by the US Food and Drug Administration (FDA).[4]  Unlike chemically 
synthetic drugs, herbal medicines are classified as nonprescription and are not required to 
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undergo strict approval procedures, which sometimes leave the mechanism of medicinal action, 
effective dose range, and chemical and elemental composition uncertain.[5]   
In 2007, the US FDA established Rule 21 CFR 111 to ensure the quality of the dietary 
supplements available to the public.  This rule established regulations requiring current good 
manufacturing practices (cGMP) during the manufacture, labeling, and storage of herbal and 
botanical dietary supplements. This rule also requires products to be accurately labeled and to 
not contain hazardous contaminants.[ 6 ]  However, most supplement manufacturers do not 
independently test their raw materials or finished products for trace metal concentration, or, if 
they do, use outdated analytical techniques (e.g., USP Method #231).[7] 
Dietary supplements are considered a significant potential source of metal contamination, 
and supplements at the greatest risk for toxic metal contamination are botanicals (single herb or 
herb combinations in extract, powder, capsule, or tablet forms).[7, 8 ]  Thus, consumers, 
especially those that take high doses of supplements often as alternative medicine, may receive 
overloads of metals over time.[7,9]  Even essential nutrient elements become harmful or toxic 
when they exceed a certain level.[10]  Thus, it is important to have modern analytical techniques 
that can rapidly measure elements in herbal supplements. 
Elemental analysis of supplements can be carried out using a variety of atomic 
spectrometry techniques including flame atomic absorption spectrometry (FAAS), graphite 
furnace (GFAAS), cold vapor-AAS (for Hg), and hydride generation-AAS (for As and other 
elements that readily form volatile hydride species).  These techniques, however, are generally 
operated in single element mode greatly reducing throughput.  Inductively coupled plasma 
atomic emission spectrometry (ICPAES) is a multi-element technique but may not have the limit 
of detection needed to measure some trace elements.  Inductively coupled plasma mass 
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spectrometry (ICPMS) is considered one of the most sensitive techniques for measuring a wide-
range of elements and isotopes in a variety of sample matrices.  It has been employed in a 
number of studies examining heavy metals in supplements.[11,12] Generally, supplements are 
digested with hazardous acids (e.g., HNO3, HCl and sometimes HF) followed by analysis using 
solution nebulization(SN)-ICPMS.[12]   Such sample preparation is labor intensive and can 
increase the likelihood of contamination and loss of volatile elements.[13]
 
An approach which avoids or minimizes sample preparation and dissolution is laser 
ablation (LA)-ICPMS.  Laser ablation introduces solid samples, as ablated particles and vapor, to 
an ICPMS where signal intensities from isotopes of elements can be measured and quantified.[14]  
Most applications using LA-ICPMS use quadrupole-based instruments because it offers fast 
scanning capability which can be advantageous for non-homogeneous samples.[15]  However, 
the quadrupole-based instruments frequently suffer from low sensitivity and detection limits.  
Sector field (‘high resolution’) ICPMS, on the other hand, offers a much higher sensitivity and 
mass resolution, and allows many common polyatomic and isobaric interferences (e.g. 
56
Fe from 
40
Ar
16
O; 
75
As from 
40
Ar
15
Cl) to be resolved (physically separated in the ion beam).  Moreover, 
scanning speeds of modern sector field instruments are no longer considered a limiting factor for 
quantitative analysis of multi-element analysis on transient signals.[16] 
In this study, a new and direct approach to rapidly quantify elements in herbal 
supplements was developed, optimized and evaluated.  To our knowledge this is the first report 
focusing on analysis of pelletized herbal supplement powder by LA-sector field-ICPMS using a 
leaf reference material as standard.  A range of dietary nutrient elements were selected for 
analysis (Mg, Ca, Cr, Mn, Fe, Co, Ni, Cu, and Zn).  In addition, Cd, V and Al were determined; 
Cd is a heavy metal and toxic element, V is regarded by some as a micronutrient, and Al has no 
 138 
 
proven physiological function.[ 17 ]  The results are comparable to that obtained from a 
conventional method using closed vessel acid-digestion followed by SN-ICPMS.    As a quick 
application of this analytical method, herbal supplements from multiple manufacturers were 
analyzed, and were discriminated based on elemental patterns with the assistance of multivariate 
statistics.  
5.3 Experimental 
5.3.1 Sample collection, preparation and calibration strategy 
Herbal supplements, St. John’s Wort (Hypericum perforatum), Ginger Root (Zingiber 
officinale), Korean Panax Ginseng (Panax ginseng), Golden Seal (Hydrastis Canadensis), 
Valerian Root (Valeriana officinalis), and Green Tea (Camellia sinensis) were purchased from a 
local store (Figure 34).  Powder from several supplement capsules was combined for analysis.  It 
should be noted that the amount of herbal extract per capsule varied between products and 
ranged from 100 mg to 550 mg. Other common ingredients in the capsules included maltodextrin, 
gelatin, cellulose, silica and magnesium stearate.   
For laser ablation analysis, about 0.5 g of each sample and reference standard material 
was weighed and pressed into pellets using a hydraulic press operated at 4 MPa.  No binder was 
needed and the resulting pellets were about 2-4 mm in thickness. Standard reference material 
(SRM) NIST 1573a (tomato leaf) was used as one-point calibration standard. The accuracy of 
the calibration was verified by analyzing pelletized NIST 1547 (peach leaf), NIST 1570 (spinach 
leaf) and NIST 1573 (tomato leaf). Carbon has been widely used as internal standard when 
analyzing organic samples by LA-ICPMS due to its uniformity across samples.  However, 
12
C 
tends to overload the ICPMS detector with extreme high intensity; therefore a much less 
abundant carbon isotope 
13
C was chosen as internal standard. 
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For solution analysis, about 0.2 g of each sample and standards was acid-digested with 10 
mL of HNO3, 1 mL of H2O2 and 1 mL of HF.  All acids were high purity (optima grade) from 
Fisher Scientific.  Digestion was carried out using an Ethos microwave digestion system  
 
Figure 34. Photograph of six powdered herbal supplement samples 
 
(Milestone Inc. Shelton, CT, USA) equipped with a 41-vessel (PFA) multi-prep rotor.  The 
temperature program consisted of a 30 min ramp to 160˚C followed by 40 min at that 
temperature.  Digests were diluted to 50 mL by DI water, and then a second 10 folder dilution 
was made resulting in a final acid concentration of 2%.   
For external solution calibration, a series of standards ranging from 0.1 μg kg-1 to 40 μg 
kg
-1
 in 2% nitric were prepared from a multi-element standard (Spex Certiprep; Metuchen, NJ, 
USA).  All the sample and standard solutions were spiked with Rh internal standard solution 
before ICPMS analysis. 
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5.3.2 Instrumentation, data acquisition and reduction, and quality control 
The ICPMS used was an Element-XR (Thermo-Fisher Scientific, Waltham, MA, USA).  
The instrument employs a double-focusing magnetic sector design which is equipped with slit 
mechanism that allows three resolution settings: “low” (m/Δm ≈400), “medium” (m/Δm ≈4000) 
and “high” (m/Δm ≈10000).  Note that whereas higher resolution can be used to remove certain 
spectral interferences if present, it also reduces the signal intensity.  Laser ablation was 
conducted using a UP-213 system (New Wave Research, Fremont, CA, USA).  The UP-213 
employs a frequency quintupled Nd:YAG laser with a resulting wavelength of 213 nm.  Helium 
was used as a carrier gas because its significant improvement in the particle expansion after 
ablation event and the transportation properties of sample aerosol.[18]  The LA-ICPMS system 
parameters were optimized for sensitivity and oxides prior to analysis using glass reference 
materials (NIST 610 and 612).  Instrumental settings for LA-ICPMS and SN-ICPMS analysis are 
summarized in Table 10 and Table 11.   
For LA analysis, the UP-213 was operated at full energy setting (29.9 J/cm), with a 
repetition rate of 20 Hz, a spot size of 100 µm, and a scan rate of 30 µm s
-1
. Data was collected 
while performing laser line scans across the center region of the pressed pellets.  Prior to actual 
data acquisition, a pre-scan was performed to remove any surface contamination. Each ablation 
lasted for about 5 minutes, including 30 seconds before the laser was fired to collect background 
levels (gas blank).  The ICP-MS was operated in “speed” mode with 13C as the internal standard.  
After the analytical sequence, raw elemental intensities were exported into Iolite 2.3 software, 
where the data was reduced and concentrations were determined.[19]     
For LA analysis, NIST 1573a was used as a one-point calibration standard; NIST 1547, 
1570 and 1573 were used as a recovery check standard.  All SRMs were analyzed in low 
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resolution (LR) and medium resolution (MR).   Recoveries for all elements (except for V in MR) 
were within 15% of certified or literature values.  Because only Ca showed a significant 
improvement in MR, hereafter we report data based on LR except for Ca which is based on MR.   
In order to minimize the analytical variability each pellet was made out of a thoroughly 
mixed powder obtained from ~10 capsules. Prior to bulk analysis, pellets of Valerian root and 
Ginger root were tested for data reproducibility (four pellets each).  The resulting RSDs were in 
the range of 10 - 15%, suggesting the homogenization process was effective. 
       For solution analysis, samples were introduced using PFA micro-flow nebulizer outfitted 
with a PC
3
 HF resistant sample introduction system (ESI, Omaha, NE, USA).  All elements were 
determined in medium resolution; the acid matrix can lead to polyatomic interferences that may 
not be present for LA analyses which are conducted using inert carrier gases.   Recoveries for 
SRM 1547 using closed-vessel acid digestion and external calibration were ± 15% of certified 
values. 
5.4 Results and Discussion 
5.4.1 Limit of detection (LOD)  
The detection limits (provided in Table 12) were estimated using background equivalent 
concentrations based on repeated measurements of the method blank (SN-ICPMS) and the gas 
blank (LA-ICPMS).  The LOD for LA ranged from 3 to ~2750 times higher than SN (for Cr and 
Ca, respectively), and generally corresponded to mg kg
-1
 levels for LA compared to µg kg
-1
 
levels for SN.  This difference owes primarily to the greater variability in signal intensities for 
LA compared with SN; also, the amounts (mass) of sample transported into the plasma by LA is 
lower than SN, despite the dilution factor of the latter.  For the herbal supplement samples, all 
elements had concentration levels above the LOD for both techniques.  
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Table 10. LA-ICPMS Instrument Settings 
UP-213 system 
Laser type Nd-YAG 
Wavelength 213 nm 
Power 29.9 J/cm 
Frequency 20 Hz 
Beam size 100 µm 
Carrier gas He 
Scan type Line scan 
Scan rate 30 µm s
-1
 
Duration per scan ~5 min 
Plasma 
Cool gas flow 16 L min
-1
 
Aux. gas flow 0.96 L min
-1
 
Sample gas flow 1 L min
-1
 
RF power 1350 W 
Data Acquisition 
Isotopes  
monitored   
25
Mg, 
27
Al, 
42
Ca, 
51
V, 
53
Cr, 
55
Mn, 
57
Fe, 
59
Co, 
62
Ni, 
65
Cu, 
66
Zn, 
111
Cd 
Mass window 1% for LR 
3% for MR 
Integration time 10 ms 
Sample per peak 1 for LR 
10 for MR 
Runs/Passes 250/1 
Scan type E-scan 
LR: low resolution; MR: medium resolution   
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Table 11. SN-ICPMS instrument settings 
Plasma 
Cool gas flow 16 L min
-1
 
Auxiliary gas flow 0.9 L min
-1
 
Sample gas flow 1.19 L min
-1
 
RF power 1300 W 
Data Acquisition 
Isotopes  
monitored   
24
Mg, 
27
Al, 
44
Ca, 
51
V, 
53
Cr, 
55
Mn, 
57
Fe, 
59
Co, 
62
Ni, 
65
Cu, 
66
Zn, 
111
Cd 
Mass window 20% for LR 
150% for MR 
Runs/passes 3/2 
Scan type E-scan 
LR: low resolution; MR: medium resolution 
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Table 12. Comparison of detection limits for LA-ICPMS and SN-ICPMS analysis of herbal 
supplements. 
Element LA (µg per kg of sample) SN (µg per kg of sample) 
Mg 156 0.340 
Al 79.7 4.65 
Ca 2450 0.89 
V 10.7 0.026 
Cr 16.8 6.86 
Mn 12.5 0.154 
Fe 271 1.55 
Co 1.46 0.034 
Ni 8.70 0.031 
Cu 8.34 0.641 
Zn 44.7 0.091 
Cd 1.68 0.024 
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Table 13. Comparison of elemental concentrations (mg kg
-1
) for six different herbal supplements 
by LA-ICPMS and SN-ICPMS. 
Element 
Korean Panax Ginseng Green Tea Ginger Root 
LA SN LA SN LA SN 
Mg 712±37 688±26 2260±54 2380±131 3500±88 3400±178 
Al 5.04±0.32 4.92±0.51 446±15 428±22 225±13 246±9 
Ca 223±14 203±12 1150±39 1240±30 1220±53 1260±74 
V 0.028±0.007 0.028±0.004 0.034±0.004 0.036±0.011 0.561±0.036 0.617±0.038 
Cr 0.251±0.015 0.242±0.012 0.940±0.151 0.494±0.015 0.824±0.045 0.934±0.045 
Mn 0.499±0.030 0.435±0.032 394±9 422±22 277±7 285±14 
Fe 5.27±0.42 4.66±0.21 54.2±2.2 61.5±4.2 200±16 198±9 
Co 0.077±0.003 0.081±0.007 0.218±0.016 0.243±0.032 0.315±0.013 0.296±0.028 
Ni 1.37±0.06 1.44±0.10 4.62±0.73 4.97±0.40 1.76±0.15 1.80±0.18 
Cu 0.412±0.023 0.747±0.125 2.93±0.14 2.54±0.20 4.66±0.17 5.12±0.22 
Zn 6.33±0.28 5.26±0.28 13.7±0.3 17.7±0.8 18.3±0.5 18.0±1.1 
Cd 0.018±0.0072 0.021±0.006 0.041±0.005 0.056±0.009 0.502±0.033 0.473±0.054 
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Element 
Golden Seal St John's Wort Valerian Root 
LA SN LA SN LA SN 
Mg 4170±164 3890±153 2660±53 2350±99 636±27 682±4 
Al 559±12 474±11 29.8±2.6 25.1±2.2 89.7±5.1 95.1±3.5 
Ca 2870±121 2540±36 419±7 447±17 245±11 227±19 
V 0.472±0.027 0.440±0.018 0.102±0.006 0.102±0.008 0.131±0.018 0.122±0.011 
Cr 2.41±0.24 1.97±0.07 0.314±0.025 0.272±0.022 0.222±0.042 0.253±0.017 
Mn 176±5 185±4 7.77±0.17 9.82±0.66 17.5±0.5 18.5±1.5 
Fe 137±5 124±16 79.6±3.3 66.9±4.2 58.9±2.9 63.7±0.6 
Co 3.19±0.05 3.23±0.14 0.309±0.012 0.428±0.027 0.092±0.005 0.100±0.010 
Ni 7.31±0.08 6.87±0.29 1.07±0.07 1.29±0.17 0.551±0.094 0.674±0.031 
Cu 6.35±0.14 6.90±0.64 8.25±0.17 9.99±0.26 3.34±0.11 3.34±0.53 
Zn 21.6±1.0 22.4±0.58 19.7±0.4 25.2±0.5 21.5±0.9 16.5±0.6 
Cd 0.279±0.024 0.303±0.025 0.051±0.008 0.048±0.005 0.071±0.008 0.039±0.005 
 
 
 
 
 
 
 
 
Table 13. Continued 
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5.4.2 Comparing results obtained by LA- and SN-ICPMS 
Concentrations of the twelve elements in the herbal supplements are given in Table 13.  
There was generally good agreement (± 15%) between concentrations determined by LA and SN 
(Figure 35).  For many elements, the difference was within 10%.  Moreover, LA-ICPMS analysis 
of pressed NIST leaf reference materials (NIST 1547, 1570, and 1573) as “unknowns” and NIST 
1573a as the calibration standard (same as for the supplements) yielded good recoveries for most 
elements (Table 14).  Whereas the leaf matrix is undoubtedly different from that of the 
supplements, both contain plant-based materials and there may still be some matrix overlap.  
Overall, the results suggest that the method is suitable as a rapid and pragmatic way of assessing 
levels of metals in herbal supplement capsules without acid digestion.   
 
 
Figure 35. Trace elements in six different herbal supplements determined by closed-vessel acid 
digestion SN-Sector Field-ICPMS. 
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Table 14. Recovery for three NIST leaf standard reference materials using a one-point calibration 
obtained with NIST 1573a. 
 
 
 
 
 
 
 
 
 
 
 
a. Elements not certified by NIST whose recoveries are based on published values from GeoReM 
database.    
 
 
 
 
 
 
 
 
 
 
Element NIST 1547 NIST 1570 NIST 1573 
Mg 88.4 112.8
a
 94.0
a
 
Al 88.8 78.2 112.5 
Ca 76.3 76.6 82.7 
V 77.3 121.6
a
 111.0
a
 
Cr 94.5
a
 76.7 73.6
a
 
Mn 79.1 114.0 81.4 
Fe 80.7 86.5 95.9
a
 
Co 71.1
a
 102.1
a
 75.5 
Ni 87.3 96.2 108.1 
Cu 81.4 105.2 100.9 
Zn 98.9 119.4 106.5 
Cd 88.8 113.4 81.7 
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5.4.3 Elemental concentrations in herbal supplements 
In should be emphasized that the results herein are for the contents of the entire herbal 
capsule, not just the “active” ingredient.  Whereas the results are similar between the two 
methods, hereafter we will discuss the SN-ICPMS data because it is the conventional approach 
and because it had generally better precision than the LA method (Figure 36).  Mean 
concentrations (mg kg
-1
) were highest for Mg (2231, range 682-3890), Ca (986, 203-2540), and 
Al (212, 4.92-474), whereas V (0.224, 0.028-0.617) and Co (0.730, 0.081-3.23) had the lowest 
concentrations.  With the exception for zinc, which was relatively uniform across samples with 
an average concentration of 17.5 mg kg
-1
, elemental concentrations varied, sometimes widely, 
between the different types of supplements. Among the six supplements, Korean panax ginseng 
had relative low concentrations, whereas ginger root and golden seal had relatively high 
concentrations.   
Sourcing herbal supplements based on elemental fingerprinting may be possible because 
the environment (soil) where the plants are grown combined with the different procedures used 
by the supplement manufacturers would likely impart a characteristic elemental pattern to the 
product.  This approach, still under investigation, would only be applicable to distinguish 
between manufacturers (brands) because additives are routinely mixed with the raw herbal 
materials.  
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Figure 36. Comparison of LA-ICPMS (LR) and SN-ICPMS for the determination of twelve 
elements (Mg, Al, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd) in herbal supplements. 
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5.4.4 Elemental concentrations in comparison to recommended daily allowance and risk for 
metal overloading 
As noted in the introduction dietary supplements are considered a significant potential 
source of metal contamination, especially botanicals.  Thus it is important to know the amounts 
added to one’s diet (in combination with other sources) to assess the likelihood of meeting 
dietary allowances or exceeding amounts that might produce harmful effects.  Here, elemental 
concentrations were converted to metal loading per day based on recommended serving size and 
use (which varied between supplements), and these values were compared with the 
recommended daily allowance and levels that might cause harmful effects (Table 15). Our results 
indicate that both the amounts on a per serving and daily use basis were below the recommended 
daily allowance and well below the lowest level that might cause harmful effects.    
Magnesium had the highest concentration compared to other elements. The high levels of 
Mg were not surprising because a common ingredient in supplement capsules and tablets is 
magnesium stearate which is added as a diluent (filler) and for lubrication purposes in the 
manufacturing process.  The maximum loading would be for golden seal (2.05 mg day
-1
), which 
is well below the daily allowance. 
Iron and V levels were found to be the highest in ginger root (0.333 mg day
-1
 and 0.002 
mg day
-1
, respectively). Chromium and nickel was found highest in golden seal (0.002 mg day
-1 
and 0.003 mg day
-1
, respectively). St John's Wort was highest in copper and zinc (0.024 mg day
-1
 
and 0.057 mg day
-1
, respectively).  
Manganese acts as an important co-factor for many enzymes and plays an essential role 
in the body functions. However, overexposure to Mn could also lead to severe neurodegenerative 
damages.[20] Ginger root and golden seal had elevated levels of Mn (285 mg kg
-1
 and 185 mg 
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kg
-1
, respectively) compared to the other supplements.  On a daily consumption basis, green tea 
was highest (0.802 mg).  According to the Institute of Medicine, the recommended Mn dietary 
allowance is 2.3 mg for men and 1.8 mg for women, respectively.[21]   
Cobalt is an essential component of Vitamin-B12. It showed a peak concentration in 
golden seal supplement (0.004 mg day
-1
) which is below the Co daily allowance.   
Cadmium has no known necessary function in human body.  Because of its long 
biological half-life in the whole body (7-26 years), Cd chronic intoxication is a genuine concern, 
especially for consumers of shellfish, offal and rice, which can contain elevated levels of Cd.[22]  
For our samples, the concentration of Cd in ginger root and golden seal were several times 
higher than the rest of supplement samples, while on a daily basis the highest amount from 
ginger root (0.002 mg day
-1
). Nevertheless, the amount is lower than the possible minimum risk 
level (0.0005 mg kg
-1
 day
-1
).   
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Table 15. Comparison of element daily intake allowance, minimum risk level and peak amounts 
among the supplements on a daily basis. 
Element Recommended daily allowance  
(mg)[12] 
Minimal risk level 
(mg kg
-1
 day
-1
)[23] 
Peak amount 
(mg day
-1
) 
Supplement 
name 
Mg 420 for men; 320 for women NA 2.05 Golden seal 
Al 0.10-0.12/kg/day 1 0.251 Golden seal 
Ca 1000 NA 1.34 Golden seal 
V 0.01-0.03 0.0008 0.002 Ginger root 
Cr 0.032 for men;  0.025 for women 0.005 0.002 Golden seal 
Mn 2.3 for men; 1.8 for women NA 0.802 Green tea 
Fe 8 for men; 18 for women NA 0.333 Ginger root 
Co 0.005-1.8 0.01 0.004 Golden seal 
Ni 1 0.0002 0.003 Golden seal 
Cu 0.9 0.01 0.024 St John's wort 
Zn 11 for men; 8 for women 0.3 0.057 St John's wort 
Cd NA 0.0005 0.002 Ginger root 
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5.4.5 Discrimination of herbal supplement manufacturers based on elemental patterns 
If there is a difference in elemental patterns between the same herbal supplements from 
different manufacturers, either due to different sources of the raw material or from different 
manufacturing and packaging processes, then elemental fingerprinting may be a potential tool in 
provenance-related studies.  Herbal supplements from different manufacturers were analyzed by 
LA-ICPMS as described previously in this report. Data separation was achieved by multivariate 
analysis. Ginger Root, Milk Thistle, Saw Palmetto, St. John’s Wort, and Valerian Root from 
several different manufacturers were studied.   
For the principal component analysis, the first and second component characterized about 
75% of the variation in the whole sample data (Figure 37). Most supplement groups were 
visually separated according to manufacturers, except for Saw Palmetto. The loading plot 
showed that most elements contributed to the separation of data along the x-axis, while much 
fewer elements (Ca, Cu and Na) dominated the separation along y-axis (Figure 38). Further, the 
discriminant analysis (DA) showed a clear separation of supplement manufacturers. Ginger Root 
and St. John’s Wort displayed the largest inter-manufacturer difference while the two 
manufactures of Saw Palmetto, which were overlapping in the PCA plot, were clearly 
distinguishable in the DA plot. (Figure 39) 
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Figure 37. PCA score plot of the supplement manufacturer discrimination. 
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Figure 38. PCA loading plot of the supplement manufacturer discrimination. 
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Figure 39. DA plot showing the supplement manufacturer separation. 
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5.5 Conclusion 
Elemental concentrations in six different herbal supplements determined by LA-ICPMS 
using a single pressed leaf reference material for calibration are generally consistent with results 
from conventional closed-vessel SN-ICPMS.  Because the method eliminates the use of acids 
and increases throughput, it can be used to rapidly screen supplements for a range of elements. 
Golden seal tended to have the highest level of trace elements (Al, Cr, Co, Ni, Cu and Cd), 
whereas highest Cu and Zn levels were found in St. John’s Wort. Korean Panax Ginseng had the 
lowest metal levels in the six supplements. Based on the concentrations determined in this study, 
consumption of these herbal supplements as recommended on the label does not pose a 
significant risk for toxic metal overload.  The feasibility of extending the method for sourcing of 
supplements by elemental fingerprinting is promising and is still under investigation.    
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